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Abstract
The objective of this work is to better understand supported Au and Au-based
alloy catalysts. These materials possess exceptional catalytic activities for several
important reactions including low temperature CO oxidation, the direct synthesis
of H2O2, and the selective oxidation of benzyl alcohol. A series of Au and Au-
alloy (mainly Au-Pd) catalysts have been synthesized using a wide range of the
different preparation methods including (i) co-precipitation, (ii) impregnation, (iii)
sol-immobilization, (iv) modified impregnation, (v) physical grinding and (vi) chem-
ical vapour impregnation. The resultant materials have been characterized using
the state-of-the-art aberration corrected scanning transmission electron microscopy
(AC-STEM) techniques. Correlation of the different various nanostructures with
catalyst performance testing data (using the three target reactions identified above)
has brought about meaningful insights into their preparation-structure-performance
relationships. In the course of this work we have developed and improved AC-STEM
characterization protocols for analyzing heterogeneous Au and Au-alloy catalysts,
including: better particle size counting procedures; and more systematic studies of
particle size-composition relationships in Au-alloy nanoparticles.
A statistically relevant population analysis of the various Au species present
in a series of co-precipitated Au/FeOx catalysts has been carried out in order to
identify/confirm the most active Au species for low temperature CO oxidation. By
comparing the relative populations of Au species with different sizes, we show that
the 1-5 nm nanoparticles are not primarily responsible for high catalytic activities.
Instead, we propose that sub-nm Au clusters are the dominant active species and
describe how the evolution of these sub-nm clusters during the heat treatment step
is crucial in determining the catalytic performance of the catalysts.
Systematic studies have been carried out on Au-Pd/C catalysts prepared by the
conventional impregnation method and given various acid washing pre-treatments
and oxidation/reduction heat treatments in order to better define the preparation-
structure-performance relationships that exist in this system. We demonstrate that
1
there is not much difference structurally between the acid pre-treated and non pre-
treated Au-Pd/C catalysts. However, an improved catalytic activity is shown for
direct H2O2 production in the acid-treated materials which arises from the existence
of more Pd2+ species that are stabilized by carboxyl groups introduced by the acid
washing. The importance of these Pd2+ species is further confirmed by sequential
reduction/oxidation post heat treatments, which allow the deleterious H2O2 hydro-
genation reaction to be switched on/off at will.
A detailed characterization of Au-Pd catalysts prepared by the sol-immobilization
route has been carried out with the aim of optimizing their performance. We have
fine tuned the sol-immobilization method by changing the [Au]:[Pd] molar ratios,
performing different post-synthesis treatments and using different support materials.
Our major discovery is the existence of an unexpected systematic size dependant
composition variation in the Au-Pd nanoparticles, which probably results from an
Ostwald ripening process occurring in the sol formation step. We also demonstrate
that by adding a third element, Pt, into the Au-Pd sols, the selectivity in the benzyl
alcohol oxidation reaction can be significantly improved. Furthermore, we show that
the particle size dependent composition variations only exist between Au-Pd and
Pt-Pd binary pairs, but not in the Au-Pt binary alloy system.
A newly developed modified impregnation route for preparing supported AuPd
catalysts is also introduced. This novel catalyst preparation route involves adding
excess Cl- anions into the impregnation route, and having an additional heat treat-
ment in a 5%H2/Ar reducing environment, and produces highly active and stable
Au-Pd/TiO2 catalysts. The main effect of Cl- is to help in dissolving the PdCl2
precursor and dispersing Au through electrostatic separation. The function of the
heat treatment in the 5%H2/Ar reducing environment is to effectively convert metal
precursor species on the surface into alloy nanoparticles. Most importantly, no sys-
tematic particle size dependant composition variation is detected in Au-Pd nanopar-
ticles prepared using this method.
Finally, the first in-depth nanostructural study of Au-Pd materials prepared
by the chemical vapor impregnation (CVI) and physical grinding (PG) methods
is presented. These novel preparation routes involve the use of organo-metallic
2
precursors and do not take place in aqueous media. AC-STEM characterization
reveals that sub-10 nm alloy nanoparticles can be effectively by the PG and CVI
methods, but that the resultant catalysts are not yet optimized, as µm-scale particles
and un-alloyed particles can also still co-exist.
3
Chapter 1
An introduction to heterogeneous
catalysis by gold
1.1 Heterogeneous catalysis
By simple definition, a catalyst is a substance that can be added into a chemical
reaction to accelerate its rate without itself being consumed. Heterogeneous catal-
ysis refers to the situation where the phase of the catalyst differs from that of the
reactants. The great majority of practical heterogeneous catalysts are solids and the
reactants are gases or liquids. This kind of catalyst is popular in practice because
the catalyst can be readily separated from the reactants and products. The perfor-
mance of a heterogeneous catalyst is often asserted in terms of three parameters,
namely, activity, selectivity and durability.
Firstly, the activity of the catalyst describes how much it can accelerate certain
reactions to form the desired products. When a heterogeneous catalyst is introduced
into a reaction, reactant molecules will be chemically adsorbed (chemisorption) onto
the catalyst surface. The specific sites on the catalyst surface for adsorption and
reaction are usually denoted as the active sites. The reaction happens either be-
tween adsorbed molecules (i.e. Langmuir-Hinshelwood type behaviour), or directly
between an adsorbed molecule and other ones directly from the gas (or liquid) phase
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(i.e. Eley-Rideal type). If an oxide material is used, the lattice oxygen may also
participate into the reaction (i.e. Mars-van Krevelen type). The resultant products
experience desorption after the reaction and the active sites will be recovered to
complete a catalytic cycle. Different intermediate states that have much lower ac-
tivation energies (Eα) compared to the uncatalyzed reaction will be introduced in
such surface catalytic reactions, as shown in Figure 1.1. The rate coefficient k of
such a reaction is given by a simple collision theory as:4
k = PZe(−Eα/RT ) (1.1)
where R is the gas constant, T is the absolute temperature, Z is a factor describing
the collision frequency of the reactants and P is the so-called steric factor, describing
the fraction of the active collisions over the total number of collisions. It is clear that
a significant decrease in activation energy will result in a dramatically increase of
the reaction rate k and hence reduce the energy required to carry out the reaction.
Figure 1.1: Reaction potential energy profile for an uncatalyzed reaction (blue) and cat-
alyzed reaction(red), showing a decrease of in the activation energy barrier
for the latter.
Secondly, catalysts can be designed to selectively increase reaction rates only for
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certain reaction pathways, representing its second important characteristic - selec-
tivity. Some reactions can follow a variety of pathways and produce many different
final products in the end. This can be problematical because in many cases only
certain products are useful and the rest will be disposed as waste. For example, in an
uncatalyzed synthesis process, for every one ton of caprolactam (the building block
for Nylon 6) produced, four tons of ammonium sulfate waste will also be produced.5
In addition, extra effort in terms of processing steps and energy consumption will
be needed to separate the desired products from the rest. The selectivity character
of a carefully chosen catalyst system can increase the productivity towards of the
desired products and largely eliminate the by-products in a chemical reaction. Less
energy and fewer raw materials will be consumed, and less waste should be gen-
erated in the catalyzed chemical process as compared to the uncatalyzed reaction,
thus significantly reducing the environmental impact of the chemical process.
In addition, although by definition catalysts should be unchanged during the
reaction, in reality it is inevitable that all catalyst materials will eventually degrade
with use. It is therefore desirable to have catalysts that can work for long period
of time (i.e. have good durability). Generally speaking, de-activation results from
the loss or change of the original active sites, caused by various undesired chemical
and/or physical processes that occur during the catalyst usage. For instance, the
active sites may be blocked via poisoning, that is the strong chemisorption of reac-
tants, products or impurities on the active sites that should ideally be available for
catalysis. Alternatively the active sites can be eliminated or modified via thermally-
induced deactivation, including loss of available surface area (sintering) and phase
transformation from the catalytically active phase to an inactive phase.6
The overall performance (i.e. activity, selectivity and durability) of the catalyst
is largely determined by the microstructure of the material. In practice, heteroge-
neous catalysts are usually “supported”, which means that the catalytic material is
dispersed on the second material. The main purpose of using a support material
is to energetically stabilize the highly dispersed form of the catalytic material, so
that the population of the active sites can be maximized. The strong interaction
of the support and the catalytic material may also modify/create active sites.4,7
6
Common catalyst support material includes activated carbon and refractory oxides
(e.g. alumina, silica, titania and etc. ). Sometimes the catalyst support may even
directly participate into the catalytic reaction. One such example could be the Pt-
Rh catalyst supported on CeO2 based mixed oxide (i.e. the three-way catalyst used
in automobiles), in which the CeO2 acts not only as catalyst support, but also as
an oxygen reservoir for the reaction.8
The microstructure of catalysts are determined by how they are prepared. Nu-
merous chemical and physical preparation methods have been developed for cat-
alyst preparation, providing different levels of control over the dispersion of the
catalytic material, as well as the final state of the active sites.4 An understanding
of the performance-microstructure-preparation relationship in catalytic system will
not only provide insight into their working mechanisms, but can also lead to im-
provements in catalyst preparation routes, and the development innovation of newer
and better performing catalyst systems.
In summary, the heterogeneous catalyst plays an important role in improving
the energy efficiency and reducing the environmental impact of chemical processes.
It is so important to recognize that the production of various industrial catalysts
itself represents an annual market of about $12 billion, which accounts for less than
0.1% of the sales revenue generated from selling the products which they create.9
Catalyst research, which mainly focuses on developing preparation-microstructure-
performance relationships, will not only give valuable insights to the working mech-
anism of catalysts, but also leads to improvements in existing catalyst systems and
innovation of new ones. Catalysis holds the key to solving many problems (e.g.
“global warming”, the “oil crisis”, “pollution”) that mankind faces, and can mod-
erate the stress created between the a developing technological world with finite
natural resources and a fragile ecological environment.
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1.2 The discovery of Au catalysts
Since ancient times gold has represented beauty, wealth and authority, as it is the
most noble metal. It has been widely used for decorations, religious works, arts, and
monetary currencies. All of these applications arose in part because of its chemi-
cal inertness, as gold does not tarnish on exposure to the atmosphere and retains
its beautiful alluring lustre. However, because of this inertness, Au conventionally
offered limited opportunities for chemical application.10 For instance, all its transi-
tion metal neighbours in the periodic table from group VIII and group IB are used
as supported metal catalysts for a wide variety of catalytic applications (see Figure
1.2). Osmium is usually excluded from catalyst applications due to the high toxicity
of its oxide. Gold therefore is anomalous exception of this group of highly useful
elements.11
Figure 1.2: Catalytic metals in the periodic table and some of their representative ap-
plications. (after reference11)
The group VIII transition metals, such as Pt, which have d-band vacancies and
can therefore readily chemically adsorb reactant molecules and perform catalysis
functions. The group IB coinage metals have full a d-band, but Cu and Ag have
relatively low ionization energies (745 and 731 kJ/mol respectively) and hence can
readily lose electrons to yield d-band vacancies. However, in the case of gold, due
to its greater atomic mass, the electrons can have a velocity close to the speed
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of light and relativistic effects come into play. Because of this, the 6s electron
orbital is contracted which results in a much greater electron affinity of Au and
higher first ionisation potential (890 kJ/mol) than that of either copper or silver.
Its electrode potential (E0=+1.691 V) is also extremely high for a metal. It is this
unique electronic structure that determined its nobility and its chemical inertness
in the bulk form.12,13 For example it is known that no dissociative adsorption of
H2 and O2 takes place over the smooth Au surfaces of Au at temperatures below
473K, implying that Au is catalytically inactive for hydrogenation and oxidation
reactions.11
However, the perception was changed by two key discoveries made by Haruta
and Hutchings in the 1980s. Haruta14 showed that supported Au nanoparticles were
exceptional catalysts for low temperature CO oxidation. In addition, Hutchings15
first predicted, and then later experimentally confirmed, that Au3+ should be a su-
perior catalyst for the hydro-chlorination of ethyne to vinyl chloride. Hence the field
of Au catalysis was born and the number of papers published on the subject has
grown exponentially every year since (see Figure 1.3). Some other key milestones
along the way include: Prati and Rossi16 showed that Au can effectively catalyse
the oxidation of vicinal diols to α-hydroxy carboxylates using molecular O2 in basic
solutions; Corma et al.17 demonstrated that Au/CeO2 catalysts can selectively oxi-
dise alcohol; and Hutchings and Kiely18 proved that Au can selectively hydrogenate
molecular O2 to form H2O2 directly.
Gold catalysis is also bringing new opportunities to a number of well established
chemical processes by surpassing the performance of existing catalyst systems. It is
now widely known that supported Au or Au-alloy catalysts are highly effective for
the selective alcohol oxidation to acids and aldehydes, the direct synthesis of hydro-
gen peroxide and selective hydrogenation of α, β-unsaturated nitro-compound.19 In
addition, they show great potential for use in alkene epoxidation20 and the selective
oxidation of toluene.21
Despite all that has been achieved with Au catalysis to date, the detailed mech-
anisms by which gold acts as a catalyst are still not well understood.19 It is now
known that the physical properties of Au in the nm-scale are significantly different
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Figure 1.3: Number of publications each year searched on Web of Science using key word
- Au catalysis.
from that of Au in its bulk form, due to so called “quantum size effects”. For in-
stance the melting temperature of Au drops from its bulk value of 1336K to about
573K for 2 nm particles.22 The electronic structure of Au also varies significantly as
its size goes down. For instance Visikovskiy et.al.23 observed an obvious transition
in electronic behavior that occurs for clusters containing about from 150 Au atoms
clusters, corresponding a particle with a diameter of around 2.6 nm (see Figure 1.4).
Miller et.al.24 found that the Au-Au bond will decrease and d-electron density will
increase with the decreasing Au particle size, so that Au particle smaller than 3 nm
can readily react with O2. In addition, as the size of Au gets smaller, the fraction
of Au atoms with low coordination numbers significantly increases (see Figure 1.5),
which have different electronic structures as compared to Au atoms in the bulk
state.25 These different electronic structures lead to different abilities for chemical
adsorption and therefore lead to very different catalytic activities compared to the
bulk Au.
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Figure 1.4: Size-dependant electronic structure of the Au nanoparticles. The solid
squares show the position of the 5d-band center Ed and and the empty
circles show the shift of the Au 4f7/2 core line. Both parameters show a
distinctive transition at the clusters containing less than 150 atom (< 2.6
nm) (after reference23).
1.3 Preparation strategies for Au catalysts
There seem to be three general categories of catalyst preparation strategies using
chemical approaches.26 The first strategy involves trying to achieve a fine dispersion
of Au precursors onto a pre-formed desired support (e.g. active carbon, metal oxides)
and then transforming the precursors into Au nanoparticles by calcination in air
and/or reduction in H2. This dispersion can be done either in the aqueous phase
(e.g. by wet impregnation, or deposition-precipitation) or in the gas phase (e.g. by
chemical vapor infiltration/deposition). The second general strategy is to mix the
Au-precursors directly with support precursors and then transform them together
by calcination in air and/or reduction in H2 (i.e. the co-precipitation method). The
11
Figure 1.5: Calculated fractions of Au atoms at corners, edges, and crystal faces in
uniform nanoparticles consisting of the top half of a truncated octahedron
as a function of the Au particle diameter. The fraction of corner and edge
atoms with low coordination (CN) numbers increases as the particle size
decreases (after reference25).
third strategy involves the deposition of pre-formed monodisperse Au colloids onto
a pre-formed support, a technique now commonly referred to as sol-immobilization.
Many of the aforementioned techniques can be further modified to prepare Au-
based alloy catalysts. In the following sub-sections, several of these techniques will
be described in more detail and compared in terms of their potential nanostructural
and compositional characteristics.
A brief survey of other novel chemical methods used to prepare supported Au
catalysts include gas/liquid phase grafting of organic Au precursors,27–29 chemical
vapor deposition,30 the solid grinding method,31,32 electrodeposition,33 the supercrit-
ical CO2 method,
34 and dispersion of well defined Au complex molecules.35 Physical
methods such as magnetron sputtering,36 mass-selected ion deposition37 have also
been reported in literature.
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1.3.1 Conventional impregnation (CIm) and incipient wet-
ness methods
Conventional impregnation(CIm) is the simplest method of preparing supported
metal catalysts and is the preferred method employed in industry. In the case
of Au, an aqueous solution of HAuCl4 is thoroughly mixed with the desired support
to form a paste. The solvent then gets evaporated and leaves behind crystalline
HAuCl4 dispersed on the support surfaces. The HAuCl4 will further decompose
to form Au nanoparticles during a subsequent calcination step. This method was
not entirely successful for preparing active catalysts for CO oxidation. The weak
interaction between the crystalline HAuCl4 and the support causes coagulation and
generally results in Au nanoparticles that are greater than 30 nm in size, which are
far too big for Au to be active for low temperature CO oxidation.11
Incipient wetness impregnation is a more advanced variant of the impregnation
method. It controls the volume of the solution of metal precursor added so that just
enough is used to fill the available pore volume of the support, so that the diffusion
of the gold precursor in the liquid phase is limited and the final particle size can
be better controlled. Yang et al.38 showed that by using the incipient wetness
method, supported Au catalysts can be prepared that are effective for the selective
oxidation of CO due to the presence of small (<4 nm) Au nanoparticles. Recently,
Bowker et.al.39 reported a modified incipient wetness method called the double
impregnation method (DIM). Chloroauric acid and a base were used to precipitate
out gold hydroxide within the pores of the catalyst, followed by limited washing,
and these resulted in a catalyst that was active for CO oxidation. This method is
somewhat similar to the deposition-precipitation method described in the following
section.
Although it is certainly not the most efficient way to disperse Au, the impreg-
nation technique is still widely used due to its simplicity. Moreover, this technique
can be readily used to make Au-based alloy catalysts. Edwards et al.40 showed that
Au-Pd alloy nanoparticles dispersed on carbon, TiO2 and Al2O3 could be made by
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the impregnation route, that were highly active for the direct synthesis of hydro-
gen peroxide. Previous electron microscopy studies by Herzing et.al.40,41 showed
that Au-Pd catalysts prepared by impregnation contained homogeneous alloy or
core-shell structures depending on what support was used (Figure 1.6 (a-c)). Oxide
supported materials generated nanoparticles with Pd-rich shell/Au-rich core mor-
phology upon calcination, whereas those supported on C were always random Au-Pd
alloys. A systematic composition variation with particle size was also documented
(see Figure 1.6 (d-f)) with the larger particles being Au-rich and the smaller ones
being consistently Pd-rich.
1.3.2 Deposition precipitation (DP) method
The key difference between the deposition precipitation (DP) and CIm methods is
the use of an alkali (Na2CO3 or NaOH) to control the pH value of the Au precursor
solution in the former. The HAuCl4 will hydrolyse to form an AuClx(OH)4-x com-
plex ion, as shown in Figure 1.7) (A).42 However at higher pH values, the halide
content of the Au complex will decrease. The pH value is usually adjusted to be in
the 6 to 10 range, depending on the exact iso-electric points (IEP) of the support
material chosen. In a DP method, a careful adjustment of pH value and solution
temperature enables selective deposition of Au(OH)3 on the support surface without
any secondary precipitation in the liquid phase. The resultant Au nanoparticles are
well controlled in size, and are usually below 5 nm in diameter. However, Au(OH)3
cannot be deposited on support materials whose surface have a very low IEP (e.g.
SiO2, IEP'2). Various Au-based alloy catalysts have also been successfully pre-
pared using a modification of this DP method.43 However, extra caution should be
paid in preparing alloys using this method since the two complex metal ions could
conceivably carry opposite charges (e.g. Figure 1.7(B)) which will fundamentally
affect the deposition process.
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1.3.3 Co-precipitation (CP) method
Co-precipitation (CP) is another commonly used preparation method used for mak-
ing Au catalysts. Indeed it is the method that Haruta et.al.14 used to prepare the
original Au catalysts they reported for low temperature CO oxidation. Au precur-
sors and support precursor solutions are mixed and then transformed simultaneously
into active catalysts via successive drying and calcination steps. Usually, an aque-
ous solution of HAuCl4 and a water soluble metal salt of the desired support (e.g.
Zn(NO3)2 or Fe(NO3)2) are mixed and an alkaline solution (Na2CO3 or NaOH) is
added to the solution (or vice versa). The pH value of the solution has to be main-
tained in the 7-10 range to account for the amphoteric nature of Au(OH)3.
26 After
ageing for about 1 hour, the precipitates are washed with water, dried and calcined
to form the final catalyst. Au-alloy catalysts can also be effectively made using this
CP method by the co-addition of a soluble salt of the second metal into the initial
mix.44
1.3.4 Sol-immobilization methods
Sol-immobilization (SI) involves the deposition of pre-made Au colloids onto support
powders. Usually a HAuCl4 precursor will be reduced using NaBH4 in the presence
of a protecting agent or ligand, such as polyvinyl alcohol (PVA) or polyvinyl pyrolli-
done (PVP). Alternatively, tetrakis hydroxymethyl phosphonium chloride (THPC)
can be used as both protective ligand and reductant. Prati et al.45 demonstrated
that this method can be used to make Au nanoparticles below 5 nm that are highly
active for the liquid phase oxidation of alcohols. Hutchings and Kiely46,47 later
showed that Au-Pd bimetallic catalysts made by the SI method were very active
for direct H2O2 synthesis and the oxidation of selective benzyl alcohol. Their high
effectiveness for these reactions was naively thought to be due to the tighter control
over the size and composition of the nanoparticles afforded by the SI method. Using
a sequential reduction protocol, designer core-shell variants of Au-Pd particles can
be synthesized in addition to homogeneous AuPd alloys. In a recent study, AuPd/C
with homogeneous random alloy structures were found to be better than either the
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Au{Pd}/C or Pd{Au}/C variants with corresponding core-shell morphologies for
the direct H2O2 synthesis reaction.
48
1.4 Target reactions covered in this thesis
Amongst all the rich chemistry displayed by Au catalysts, three specific reactions,
namely (i) low temperature CO oxidation, (ii) the direct synthesis of hydrogen per-
oxide from molecular O2 and H2, and (iii) the solvent free benzyl alcohol oxidation,
have been selected as target reactions for this thesis. These topics will be intro-
duced in more detail in the following sub-sections. Catalysts prepared by a number
of different methods will be evaluated and compared using these reactions. The
reason why these particular reactions have been chosen are: (a) they represent mile-
stone reactions in the development of Au catalysis and remain hot research topics
today; (b) they are the current model reactions chosen by the research community
as benchmarks to evaluate different Au catalysts; and (c) they are relatively sim-
ple reactions and are routinely carried out by Prof. Hutchings group (our research
collaborators) at Cardiff University.
1.4.1 Low temperature CO oxidation by monometallic Au
catalysts
Due to its high affinity with haemoglobin in red blood cells, carbon monoxide (CO)
is a very toxic gas for humans and animals. Unfortunately, huge amounts of car-
bon monoxide are emitted in the world (1.09 billion tons in 2000), primarily from
transportation, industrial and domestic activities.49 To achieve CO elimination, it
is necessary to catalyze its oxidation to CO2.
50 Conventionally, hopcalite catalysts
(mixed oxides of Mn and Cu) are used, but they are not tolerant to water and only
offer low activities at ambient temperature. Precious metals (Pt, Pd and Rh) are
also widely used for CO oxidation especially in catalytic converter systems in au-
tomobiles. However they are generally used at temperatures above 100◦C.14 There
exists an urgent need for effective CO oxidation catalysts that can be used for low
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temperature (e.g. ambient temperature) applications: for instance, safety masks for
fire-fighters and miners, and environmental control in enclosed spaces, where the
CO concentration may gradually build-up to dangerous level.
Haruta et.al.14,51,52 discovered that gold, when deposited as fine nanoparticles
can be the most active catalyst for low temperature CO oxidation. This was a
very surprising discovery since bulk Au does not dissociatively adsorb O2.
53 The
activation energy of Au catalysts were found to be typically around 26-34 kJ/mol at
low temperature54 which is much lower than those reported for Pt(104-125 kJ/mol),
Rh(92-117 kJ/mol), Pd(108-133 kJ/mol)55 and Co3O4(84 kJ/mol).
56 The ability
of Au to oxidise CO at low temperature can potentially be applied in fuel cells
to purify H2 streams by eliminating traces of CO, which is known to be highly
detrimental to Pt electrode catalysts. In particular, Au/Fe2O3 catalysts prepared
by co-precipitation were found to be extremely active for CO oxidation.57,58
Since this reaction only involves simple molecules like CO and O2, CO oxida-
tion also serves as the model reaction to explore new Au catalysts. However the
underlying complexity of the CO oxidation reaction has gradually become appre-
ciated and many factors in the Au catalysts are believed to be important. First
and foremost, the Au particle size needs to be small (i.e. < 5 nm). In fact, the
discovery of surprising catalytic performance of Au roots from the development of
novel catalyst preparation methods (e.g. co-precipitation, deposition-precipitation)
that were used to prepare Au nanoparticles much smaller than those generated by
conventional impregnation methods.11 There is still hot debate on the optimum
particle size for Au to be active. Different types of active gold species, of various
sizes, have been proposed to be important based on experimental observations and
theoretical calculations, as shown in Figure 1.8. On the one hand, Nørskov et.al.59
combined experimental results and DFT calculations to suggest that the 2-5 nm par-
ticles are the most active species, and the high activity was considered to originate
from the lower of binding energy (i.e. stronger bond) between O or CO and those
Au atoms with low coordination numbers (Figure 1.8 (a)). Nevertheless, Landmann
et.al.60 using experimental data and calculation proved that smaller Au clusters
can be also highly active for CO oxidation (see Figure 1.8 (b)). In addition, Chen
17
and Goodman61 proposed a different idea which stated that, instead of the particle
size, the bi-layer morphology of the cluster/particle may be more important as they
observed a sharp peak in activity for such entities (see Figure 1.8 (c)).
18
Figure 1.6: STEM-HAADF images and XEDS spectrum imaging of Au-Pd particles pre-
pared by conventional impregnation. (a) Au-Pd/C ; (b) Au-Pd/TiO2; (c-f)
Au-Pd/Al2O3. (a-c) were adapted from reference,
40 showing the Au-Pd par-
ticles on C having a homogeneous alloy morphology while Au-Pd particles
on TiO2 and Al2O3 having Au-rich core Pd-rich shell structures. (d-f) were
adapted from reference,41 showing a systematic particle composition/size re-
lationship in the Au-Pd/C catalyst prepared by conventional impregnation,
with larger particles being Au-rich and smaller particles being consistently
Pd-rich.
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Figure 1.7: Schematic diagrams showing the working principle for deposition precipita-
tion. (A) The hydrolysis behavior of HAuCl4 at different pH values (after
reference42). (B), Schematic illustration of the selective deposition of Au and
Pd on a mixture of Fe2O3 or SnO2 with different iso-electric points (after
reference26).
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The effect of the oxidation state of Au may also play an important role.62 On
the one hand, cationic Au species have been found to be associated with the active
sites in good CO oxidation catalysts. Hutchings et.al.63 showed that the catalytic
activity can be correlated with the Au(4d5/2) binding energy measured by X-ray
photoelectron spectroscopy (XPS), indicating the oxidation state of Au in the active
catalysts are different, and, the presence of cationic Au was correlated with the high
catalytic activity. Guzman and Gates et al.64 also showed that in a highly active
Au/MgO catalysts, the amount of Au(I) present can be correlated with the catalytic
activity. In the same work, Guzman and Gates et al. also showed that after
removal of the methyl ligands from the cation Au complexes at >373K, Au clusters
containing 4-6 Au atoms were formed and catalyst become even more active. Those
4-6 Au atoms were found still to be cationic in nature. However, somewhat contrary
results have been published by Flyzani-Stephanopoulos’s group,65 as they found the
cationic Au on the surface needs to be reduced to metallic state to become active
for CO oxidation.
All these different Au species have been compared and summarized by Prof.
Haruta in his Spier Lecture54 (Figure 1.9). It seems like cationic Au has a turn-
over frequency (TOF, the number of reactions per active sites per second) that is
2-3 orders of magnitude lower than the most active bi-layers, nanoparticles and
clusters. However, determining the TOF for different species can be speculative, as
it is difficult to know the relative number of the different species that are present in
any one sample. In a practical catalyst multiple species co-exist which complicate
the situation even more. Discussions on this important issue will continue in Chapter
4.
The identity of the support material is also found to play an important role.
Firstly, a strong interaction between Au and the support is necessary to achieve a
fine dispersion of the Au, which otherwise will easily sinter during preparation or
usage, causing the collapse of surface area, loss of distinctive electronic structure
and hence degradation of catalytic activity. Secondly, the chemical nature of the
support material will also have a profound effect, especially the ease of reduction of
the oxide material. Highly reducible oxides like Fe2O3, CeO2 and TiO2 will often
22
Figure 1.9: Turnover frequency of CO oxidation at room temperature for various gold
species. Bi-layers, Au clusters and nanoparticles have higher TOF compared
to cationic Au species. The Au sponge66 and Au tubes67 morphologies shown
in Figure 1.9 are beyond the scope of the current thesis. (after reference54)
generate highly active catalysts, which has been rationalized to be related to the
easy formation of anion vacancies that can help to activate oxygen.68 Yoon et al.69
reported that the electron transfer between the F-center in an MgO support can
not only stabilize the Au8 cluster, but also can modify the bonding of the adsorbed
molecules on Au8, which would otherwise be inactive. In addition, the Au particles
sitting on the support could be strained if an epitaxial interface is formed, which may
serve to weaken the Au-Au bond and make it more active.70 However according to
Nørskov,59 this strain effect should be a small factor in determining the CO oxidation
activity compared to that of lowering the co-ordination number of Au.
In addition, the presence of hydroxyl groups on the catalyst surface were found to
be crucial for Au catalysts in the low temperature CO oxidation reactions. Haruta
et.al.71 reported that the catalytic activity of Au/TiO2, Au/Al2O3 and Au/SiO2 cat-
alysts all increased with increasing moisture levels in the reactant gas mixture. Qian
et.al.72 reported that originally an inactive Au/SiO2 catalyst can be re-activated by
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deliberately introducing surface hydroxyl groups. Bongiorno and Landman73 sug-
gested that water can promote O2 adsorption and activation through the formation
of hydroperoxyl groups. This is in good agreement with the fact that Au supported
on irreducible oxides (e.g. Al2O3 and SiO2) seem to get the most benefit from the
presence of hydroxyl groups,71,72 as reducible oxides can readily activate O2 through
surface anion vacancies. Another potential benefits of hydroxyl groups is that they
may promote the decomposition of carbonate, an intermediate in the CO oxidation
reaction that can block active sites and deactivate the catalysts.71 Veith et.al.36,74
reported experiments suggesting that surface hydroxyls are also crucial during the
catalyst preparation, by forming and stabilizing active Au species (including both
oxidized and metallic gold), such that Au prepared on a hydroxylated oxide surface
will be much more active than the one prepared on the native oxide surface. How-
ever too much moisture was found to be detrimental due to H2O blocking of the
catalytic active sites or competitive adsorption of H2O and O2.
75,76
Many reaction mechanisms have now been proposed for this CO oxidation reac-
tion on supported Au. Willock et.al.77 summarized that there are mainly two differ-
ent kinds of mechanism used in theoretical studies, both requiring co-adsorption of
reactant molecules, but differing in the adsorption process for O2. The oxygen can
be dissociatively adsorbed and react with the co-adsorbed CO directly to form CO2,
or the oxygen get associatively adsorbed and the O-O bond is broken via an inter-
mediate state with molecular oxygen bound to CO. Both reaction pathways have
similar theoretical activation energy below 40 kJ/mol, which closely match to most
experimental measurements. Experiments using O isotope labelling showed that
the latter mechanism involving the weaker associative adsorption of an O2 molecule
is more likely to be the initial oxidation route, as no exchange of oxygen with the
lattice oxygen of the support was detected.78,79
Bond and Thompson68 have nicely summarized the possible reaction mechanisms
based on the different types of catalyst supports used. When Au is supported on
irreducible oxide material, such as Au/Al2O3, the reaction follows a model proposed
by Kung et.al.,80 in which the active site on the catalyst consists of a Au(0) particle
with a periphery in contact with the support that contains oxidised Au in the form
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of Au(I) hydroxyl species. The adsorbed CO molecules react with these hydroxyl
groups to produce surface bound carboxyl (-CO2H) species. These carboxyl species
will further react with dissociatively adsorbed oxygen to form bicarbonate (CO3H)
intermediates, which will finally decompose to form CO2 and restore the hydroxyl
species. For Au supported on reducible oxide supports, a slightly different mecha-
nism as proposed by Bond and Thompson (see Figure 1.10) would most likely be
followed.81 The major difference for this model compared to Kung’s described above
is that the oxygen can be more readily activated through anion vacancies, and then
the reaction follows a similar bicarbonate route to the Kung’s model. These two
reaction models are both Langmuir-Hinshelwood type which requires adsorption of
CO and O2. Both models also emphasize the importance of the perimeter inter-
face between Au and the support which may contain oxidised Au. The perimeter
hypothesis is strongly supported by a recent paper in Science authored by Green
et.al.,82 who experimentally observed a sequential delivery of CO to the active sites.
The reaction consumed firstly CO adsorbed on TiO2 and then CO bonded on Au.
Note that this experiment was done at very low temperature (around 120 K) so CO
species on Au is not very mobile.
Various deviations from above classic reaction mechanisms have also been sug-
gested. For instance a Mars-van Krevelen mechanism which involves lattice O ions
as oxidant was proposed by Morganet.al.83 based on experiments. Landman et.al.60
suggested that an Eley-Rideal type mechanism could also be operational based on
theoretical calculations, in which adsorbed and activated O2 can directly react with
CO in the gas phase. Carley et.al.84 recently reported a reaction pathway for CO
oxidation that involves atomic C and O surface species resulted from dissociation
of CO. This reaction was considered as a side pathway and was only observed for a
Au/Fe2O3 catalyst but not for a Au/ZnO material.
Different reaction mechanisms may be at play simultaneously on different active
Au species if they co-exist on a specific support. Given that in practical catalysts,
Au species of very different sizes can co-exist (see Chapter 4) it is not surprising
to see such a wide variety of different experimental results reported in literature.
As shown in Figure 1.11, (a), kinetics data from different Au catalysts acquired
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Figure 1.10: A schematic presentation of the Bond-Thompson reaction model. At the
left, a carbon monoxide molecule is chemisorbed on a low coordination
number Au atom, and an hydroxyl ion has moved from the support to an
Au(III) ion, creating an anion vacancy. At the right they have reacted to
form a carboxyl group and an oxygen molecule which was adsorbed on the
anion vacancy site. (after reference81).
by different research groups can vary significantly from ∼0 to 138kJ/mol85 with a
statistical peak at around 30 kJ/mol. In addition, different reaction mechanisms can
dominate at different temperature regimes. For instance, as shown in Figure 1.11
(b), a Au/TiO2 catalyst with a mean particle size of 2.5 nm has three kinetic regions.
In the high temperature and low temperature regions, it has a similar apparent low
activation energy which is comparable to that of unsupported Au powder of 17 nm
in size.11 Some mechanisms might be favourable in the initial stage and others
may dominate the later stages. This may generate specific intermediates or certain
modification of the catalyst microstructure that can kick-off other reaction routes,
which may be the reason underlying reason why there is always an induction period
for the Au catalyzed CO oxidation reaction.86–88
In summary, CO oxidation is the most important reaction, albeit a complex one,
in the field of Au catalysis, because it represents the historical discovery of Haruta
et.al.14,51,52 and has many potential applications. This review has shown that the
performance of Au catalysts is sensitive to many factors, including particle size,
oxidation state of Au, support identity and the presence hydroxyl species. We also
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suspect that the CO oxidation is most likely to follow a Langmuir-Hinshelwood type
reaction mechanism at the peripheral interface between Au and the oxide support,
whilst many other reaction mechanisms can co-exist and contribute to different
extents. However there is clearly still much to learn. For instance, is there one
dominant active species and reaction mechanisms govern the outstanding catalytic
performance at the low temperature (i.e. ambient temperature) regime? If there is
one dominant active species, how can we prepare the catalyst in such a way that
can maximize their population? Understanding the “preparation-microstructure-
performance” relationship in practical supported Au catalysts for low temperature
CO oxidation holds the key to answering these questions.
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Figure 1.11: Variations of the kinetics behaviour for Au catalysts in CO oxidation re-
actions: (a) The apparent activation energy distribution of different Au
catalysts cited in reference.85 (b) Dependence of the reaction rates for CO
oxidation over Au/TiO2 (Au particle mean size 2.5 nm) as well as unsup-
ported Au powder (mean size 17 nm) on the reaction temperature (after
reference11).
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1.4.2 Direct synthesis of hydrogen peroxide by Au-Pd cat-
alysts
As one of the most important bulk inorganic chemicals, hydrogen peroxide (H2O2)
is the simplest form of peroxide (a compound with an oxygen-oxygen single bond)
and is hence a very strong oxidant. It is also considered to be one of the most
environmental friendly oxidant as the by-product of the oxidation is only water.
It can be used as a bleaching agent and disinfectant, and is a much “greener”
alternative to chlorine or chlorine based compounds that have been traditionally
been used for such purposes. H2O2 is widely used in the pulp and paper industry,
the textile industry, the mining industry and the semiconductor industry. The
recent development of titanium silicalite (TS-1) has also provided more application
opportunities for H2O2, as TS-1 is found to have an outstanding ability to catalyse
various important oxidation reactions with aqueous H2O2 as oxidant. The annual
production of H2O2 around the globe was around 2.2 million tons in 2006 and is
forecasted to reach 4.67 million tons by 2017.
H2O2 is currently produced by an indirect oxidation of H2 to H2O2 based on an
auto-oxidation (AO) reaction of anthraquinone. For economical reasons, this AO
process needs to be done on a large-scale and hence H2O2 is produced in one place in
a highly concentrated form and then transported to its point of use. However, most
practical applications only require very dilute H2O2 solutions. The transportation
of H2O2 has also brought up safety concerns as concentrated H2O2 can be explosive
if it decomposes violently.89
The direct synthesis of H2O2 from H2 and O2 offers a green and economically
beneficial alternative. However multiple reactions are involved in the process (as
summarized in Figure 1.12) and the formation of H2O is thermodynamically more
favourable.1 Two key parameters to evaluate catalysts for this reaction are the H2
conversion (i.e. how much H2 can be oxidized into either H2O2 or H2O ) and H2
selectivity (i.e. the ratio of H2O2 to H2O produced). Pd catalysts are known to
be active for the direct synthesis reaction, however H+ and halide promoters need
to be added to help stabilize the intermediate H2O2 from further decomposition
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and hydrogenation, so that a high conversion and selectivity can be achieved.90–92
The highest selectivity reported for a Pd catalyst is around 80%.1 However, the
presence of halides and protons causes the reaction medium to be highly corrosive
towards the materials which constitute metallic reactor vessel and the metal particles
of the catalyst itself. In addition, the protons and halide ions form a complex
reaction mixture from which the isolation of H2O2 for application purposes becomes
difficult.93
Figure 1.12: Competing reactions involved in the direct synthesis of H2O2. The de-
sired product H2O2 is subject to further decomposition and hydrogenation
reactions (after reference1).
Landon et.al.18,44 reported that using a Au/Al2O3 catalyst prepared by the con-
ventional impregnation (CIm) route, a much higher H2 selectivity could be achieved,
albeit at a lower the H2 conversion, as compared to a Pd/Al2O3 catalyst tested
under the same conditions. Interestingly, when a bi-metallic Au-Pd catalyst was
prepared using the impregnation method, both high H2 conversion and high selec-
tivity was achieved, indicating a synergistic effect between Au and Pd. The support
material used and the detail of the process preparing for Au-Pd catalysts were found
important in determining their ultimate catalytic performance. A 400◦C calcina-
tion treatment was found to be indispensable in the CIm route in order to produce
active and stable catalysts. AuPd catalysts prepared on different supports followed
an activity trend of SiO2 ' activated C >TiO2>Al2O3.94,95 The composition and
morphology of the resultant Au-Pd particles on these support materials were char-
acterized using scanning transmission electron microscopy (STEM), as shown in
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Figure 1.6 (a-c). The random Au-Pd homogeneous alloy structure found on the car-
bon support might be in part responsible for their catalytic superior performance,
as compared to the Au-rich core/Pd-rich shell morphologies found on oxide sup-
ports. The good performance noted on SiO2 and activated C supports might also
due to their acidity, since an acid environment is known to inhibit H2O2 decomposi-
tion.93 In addition, the Au-Pd materials prepared by CIm also showed a systematic
particle composition/size relationship, as larger particles being Au-rich and smaller
particles being Pd-rich (Figure 1.6 (d-f)). Edwards et.al.1 reported that an acid
pre-treatment of the carbon support before metal deposition has a profound effect
and the resultant Au-Pd/C catalysts display a H2 selectivity close to 100% while
maintaining a high level of H2 conversion and having full re-usability. The working
mechanism of this acid pre-treatment is less known but it could be due to a opti-
mization of metal dispersion due to the modification of carbon surface. Discussion
of this issue will be continued in Chapter 5.
Au-Pd catalysts prepared by the sol-immobilization (SIm) method were shown
to be even more effective than the ones prepared by CIm, since a better particle size
and composition control can be achieved.96 By modifying the reduction sequence,
Au-Pd particles having specific core-shell morphologies can also be synthesised, but
Au-Pd random alloys were found to be superior for the H2O2 synthesis compared
to either Pd-shell/Au-core, or Au-core/ Pd-shell morphologies, which is consistent
with our observations in the materials prepared by CIm. However the SIm catalysts
performed best if used in their dried-only state, and were not fully re-usable. The
calcination heat treatment used to stabilize the materials made by CIm was found to
be detrimental in the SIm route, causing particle sintering and de-alloying.
48 More
discussions on SIm materials can be found in Chapter 6.
The underlying reason why the Au-Pd random alloy motif is outstanding in the
direct synthesis of H2O2 is of great interest. The direct synthesis process first requires
H2 to be dissociatively adsorbed and O2 molecules to be associatively adsorbed. The
adsorbed O2 molecule then reacts with H in a two step hydrogenation reaction to
form H2O2. Pd is more effective in breaking the H-H bond than gold so it usually
provide higher H2 conversion. However, Pd is also more effective in breaking the
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O-O bond, which will facilitate water formation and ultimately decrease the H2
selectivity towards H2O2. Yoshizawa et.al.
97 used DFT calculations to show that
the presence of the larger atomic radius Au atom in a Pd(111) surface, will increase
the energy barrier for the dissociation of O2 whereas H2 is not affected.
After H2O2 is formed, it can be decomposed or hydrogenated to H2O. The de-
composition of H2O2 by itself is a very slow process. In the presence of metal
catalyst however, the H2O2 will first dissociate to form two hydroxyl (-OH) groups,
and these two -OH can either undergo disproportionation or react with adsorbed
H to form water. The hydrogenation of H2O2 can happen directly between H2 and
H2O2, or between adsorbed H with the OH groups. In another report by Yoshizawa
et.al.,98 these processes on a pure Pd(111) surface and a Pd(111) surface with some
substituted Au atoms were compared by DFT. Their calculations showed that the
direct hydrogenation of H2O2 by H2 has a high energy barrier and is not likely to oc-
cur. The Pd{111} surface decorated with gold has a much higher activation energy
for H2O2 dissociation than bare Pd{111}, which means that it is easier to release
H2O2 from the surface in the latter case and therefore less hydrogenation take place.
These theoretical investigations provided some valuable insights into the origin of
the benefits to of having Au-Pd alloy surface in the catalyst, with Au primarily
acting as a electronic promoter for Pd which modifies the interaction with O2 and
H2O2.
Supported Au-Pd catalysts have shown excellent performance in the direct syn-
thesis of H2O2. The CIm route only provides limited control over particle size and
composition of Au-Pd particles, which means that there is plenty of scope for im-
proving the catalytic performance of these materials. Catalysts prepared by the SIm
method also showed excellent potential, however modification is needed to improve
their durability. We also need to find out the optimum Au-Pd alloy structure re-
sponsible for the excellent performance and use that information to develop novel
preparation methods that maximize the desirable morphologies. In addition, some
mechanistic questions still remains. For instance why and how does the acid pre-
treatment of the carbon support switch off the hydrogenation reaction?
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1.4.3 Selective oxidation of benzyl alcohol by Au-Pd cata-
lysts
The catalytic oxidation of benzyl alcohol to benzaldehyde is an important process
for the synthesis of fine chemicals. This process is conventionally carried out using
expensive and toxic oxidants such as chromate or permanganate, causing serious en-
vironmental concerns. Catalytic oxidation of benzyl alcohol by molecular oxygen/air
in the presence of a heterogeneous catalyst provides a greener alternative. Supported
Pt and Pd used to be the catalysts of choice for this particular reaction. However
such Pd and Pt catalysts are known to suffer from deactivation problems due to
over-oxidation and poisoning by side products.99 Au has been shown to have the
potential to overcome those problems and can be very active for alcohol oxidation.
Prati, Rossi et.al.16 were the first to demonstrate that supported Au nanoparticles
can be used for the oxidation of alcohols into their corresponding acids. Corma
et.al.17 later showed that a Au/CeO2 catalyst is active for (i) the selective oxidation
of alcohols to aldehydes and ketones and (ii) the oxidation of aldehydes to acids in
the absence of base and under solvent-free conditions. The catalyst performance
results were shown to be comparable to, or even higher than, the highest activities
that had been previously observed with supported Pd catalysts. Hutchings’ group
subsequently showed that Au-Pd catalysts prepared by CIm,
100 deposition precipita-
tion,43 SIm
48,101 can be very active and selective for the oxidation of benzyl alcohol
to benzaldehyde using O2.
The reaction mechanism and the origin of the synergistic effect between Au and
Pd is less well understood for this particular reaction. Sankar et.al.102 performed a
thorough research on this topic using isotope labelling methods. They found that
benzyl alcohol molecules can be adsorbed on the surface through the breaking of
C-H bond, in addition to the O-H bond breaking mechanism that is traditionally
recognized.103 He also identified that toluene, the major by-product in the reaction,
is predominantly produced through the disproportionation of the benzyl alcohol on
the catalyst surface, which is competitive to the oxidation reactions. A possible
major reaction scheme was also proposed by these works as shown in Figure 1.13.
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In the absence of O2, benzyl alcohol molecule undergo disproportionation reaction
and produce equal amount of benzaldehyde (PhCHO), toluene (PhCH3) and water.
When O2 is involved, the major additional pathway is introduced whereby a reaction
occurs between a hydroperoxyl group and the benzyl alcohol molecule which has
been adsorbed by breaking the C-H bond.
Figure 1.13: The possible major reaction schemes that may come into play in the benzyl
alcohol oxidation reaction. Figure modified from reference.102
Using the reaction scheme in Figure 1.13, the amount of toluene produced can be
used as a marker for the disproportionation reaction, while the amount of PhCHO
on the other hand, can be used to measure the extent of the oxidation reaction
pathway, after the PhCHO component formed via disproportionation route has been
substracted. Hence the turn-over number of the disproportionation (TOND) and the
turn-over number of the oxidation reaction (TONO) can be expressed approximately
using the following equations, which can be used for evaluating the performance of
different Au-Pd catalysts:
TOND = 2×moltoluene/molmetal (1.2)
TONO = (molPhCHO −moltoluene)/molmetal (1.3)
The benefits derived from adding Au into Pd may come from the fact that
hydroperoxyl groups, which are key intermediates in the oxidation reaction pathway,
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are more stable/available on Au-Pd catalysts as compared to Pd-only catalysts.100
Different metal exposed surfaces may also affect how the benzyl alcohol molecule
is adsorbed onto the surface and thus which reaction pathway it will take. It was
found that when Au-Pd nanoparticles were supported on basic support (e.g. ZnO
and MgO), the toluene formation can be switched-off.102 More characterization is
needed to further understand these effects and establish a preparation-structure-
performance relationship for supported Au-Pd catalysts in relation to this benzyl
alcohol oxidation reaction.
1.5 Objectives of this Work
The overall objective of this study is to better understand the preparation-structure-
performance relationships that exist in supported Au and Au-based alloy catalysts.
To achieve this, a series of Au and Au-alloy (mainly Au-Pd) catalysts have been
synthesized using a range of the different preparation methods described above. The
resultant nanostructures and elemental distributions will be characterized using the
state-of-the-art aberration corrected STEM techniques. Correlation of the differ-
ent various nanostructures with the catalyst performance testing data (using the
three target reactions identified above) will bring about meaningful insights into
this preparation-structure-performance relationship. A few detailed tasks that have
been undertaken include:
1. Improving STEM characterization protocols for analyzing heterogeneous Au
and Au-alloy catalysts, including: better particle size counting procedures; and more
systematic studies of particle size - composition relationships in Au-alloy nanopar-
ticles. This theme is encountered throughout the entire thesis.
2. A statistically relevant population analysis of the various Au species present in
co-precipitated Au/FeOx catalysts in order to identify/confirm the most active Au
species for CO oxidation. This will be the prime focus of Chapter 4. Specifically, two
sets of Au/FeOx catalysts prepared at Cardiff University and Tokyo Metropolitan
University using two different co-precipitation routes were studied in detail mainly
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using aberration corrected scanning transmission electron microscopy (STEM). By
comparing the relative populations of Au species with different sizes, we will show
that the 1-5 nm nanoparticles are not primarily responsible for high catalytic activi-
ties. Instead, we suggest that these sub-nm clusters are the dominant active species
and the evolution of the sub-nm clusters during the heat treatment step is crucial
in determining the catalytic performance of the catalysts.
3. Detailed studies have been carried out on Au-Pd/C catalysts prepared by
the conventional impregnation method and given various acid pre-treatments and
oxidation/reduction post heat treatments in order to better define the preparation-
structure-performance relationships that exist in this system. This aspect of the
work is covered in Chapter 5. By using aberration corrected STEM, we demonstrate
that there is not much difference structurally between the acid pre-treated and non
pre-treated Au-Pd/C catalysts. Improved catalytic activity in the direct synthe-
sis of hydrogen peroxide reaction arises from the existence of more Pd2+ species
that are stabilized by carboxyl groups introduced by the acid pre-treatments. The
importance of Pd2+ species will be further confirmed by sequential reduction/oxi-
dation post treatments, which allow the deleterious H2O2 hydrogenation reaction to
be switched on/off at will.
4. Chapter 6 contains a detailed characterization of Au-Pd catalysts prepared
by the sol immobilization route with an aim of optimizing their performance. We
have fine tuned the sol-immobilization method by changing the [Au]:[Pd] molar
ratios, performing different post-synthesis treatments and using different support
materials. Our major discovery is the existence of an unexpected systematic size
dependant composition variation in the Au-Pd nanoparticles, which probably results
from an Ostwald ripening process occurring in the sol formation step. We also
demonstrate that by adding the third element, Pt, into the Au-Pd sols, the selectivity
in the benzyl alcohol oxidation can be significantly improved at the expense of the
conversion. Furthermore, we show that the particle size dependant composition
variation only exist between Au-Pd and Pt-Pd binary pairs but not in the Au-Pt
binary alloy system.
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5. In Chapter 7 we present a detailed characterization of Au-Pd catalysts pre-
pared by a newly developed modified impregnation route. This novel catalyst prepa-
ration route involves adding excess Cl− anions into the impregnation route, and an
additional heat treatment in the 5%H2/Ar reducing environments, and produces
highly active and stable Au-Pd/TiO2 catalysts. We will demonstrate that the main
effect of Cl− is to help in dissolving the PdCl2 precursor and dispersing Au through
electrostatic separation. We also show that the function of the heat treatment in
the 5%H2/Ar reducing environment is to effectively convert metal precursor species
on the surface into alloy nanoparticles. Most importantly, no systematic particle
size dependant composition variation is detected in Au-Pd nanoparticles prepared
using this method.
6. Chapter 8 describes the first in-depth nanostructural studies of Au-alloy ma-
terials made by chemical vapor impregnation (CVI) and physical grinding (PG)
methods. These novel preparation routes involve the use of organic-metallic pre-
cursors and do not take place in aqueous media. STEM characterization reveals
that sub-10 nm alloy nanoparticles can be effectively by the PG and CVI methods,
but that the resultant catalysts are not yet optimized, as µm-scale particles and
un-alloyed particles can also co-exist.
Before presenting these results chapters, a brief introduction to the aberration
corrected scanning transmission electron microscopy technique (STEM) is given in
the Chapter 2. In addition, Chapter 3 provides a brief introduction to the other
experimental techniques that have been applied in the course of this work. Finally
some general discussions about the preparation-microstructure-performance rela-
tionships in Au and Au-alloy catalysts, as well as some suggestions for future work,
are presented in the Chapter 9.
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Chapter 2
Aberration corrected scanning
transmission electron microscopy
(STEM) and its applications in
heterogeneous catalyst research
2.1 Introduction of Cs corrected STEM
Electron microscopy is often used to explore structure and chemical information in
practical catalyst systems, as it provides high spatial resolution that is unrivalled
by optical or X-ray based characterization techniques.104 This is especially true
for scanning transmission electron microscopy (STEM), in which a small focused
electron beam is used to analyze the sample in a raster scanning manner. The
incident electrons interact with atoms in the specimen through electrostatic forces
and therefore can be scattered into different angles. Near-axis electrons (<10 mrad)
can be collected using a bright field detector and used to form a STEM-BF image,
which is a coherent phase contrast imaging technique equivalent to conventional
HR-TEM. Electrons deflected further away from the optic axis (about 10-50 mrad)
can be collected by an annular detector to form an annular dark-field (ADF) image.
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If the inner collection angle of the annular detector is increased to be greater than
50 mrad, so-called high angle annular dark field (HAADF) images can be formed.
STEM-HAADF mainly uses Rutherford scattered electrons (approximately depen-
dant on the square of the atomic number Z2) and provides almost pure incoherent
mass-thickness contrast. In most circumstances, STEM-HAADF images are directly
interpretable and carry elemental information about the specimen, thus it is often
called “Z-constrast” imaging. Examples of STEM-HAADF and STEM-BF images
from the same area in a Au/MgO catalyst sample are shown in Figure 2.1. Gold
islands can be clearly seen in the HAADF image, whereas in the BF image mass-
thickness contrast is mixed with the phase contrast mainly originating from the
support lattice.
(a) STEM-HAADF (b) STEM-BF
Figure 2.1: Examples of (a) STEM-HAADF and (b) STEM-BF images of the same area
in a Au/MgO catalyst sample. Images were acquired using a JEOL 2200FS
(S)TEM in Lehigh.
In addition to these different imaging modes, two major spectroscopy techniques,
namely X-ray energy dispersive spectroscopy (XEDS) and electron energy loss spec-
troscopy (EELS), can be readily incorporated into a STEM. X-ray emission and
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electron energy loss signals both originate from inelastic scattering of the incident
electron beam with the atoms in the specimen. Characteristic X-ray emission comes
from the de-excitation process of ionized atoms in the specimen and can be used
for elemental identification. EELS can be also used for elemental identification us-
ing core-loss edges, and offers much more detail on the electronic structure of the
atoms in the sample, including bonding/valence state, nearest-neighbour atomic
structure, dielectric response function. In STEM, both XEDS and EELS can be
performed in a spectrum-imaging mode, which means that a sequence of spectra
are recorded which are registered with spatial information. Figure 2.2 shows an
example of STEM-EELS spectrum imaging on a CoO-Co3O4 two phase specimen
from Wang,105 in which he not only showed elemental mapping of O and Co, but
also the distribution of Co2+ and Co3+ species using the white line “L3/L2 ratio”
method.
To achieve the best performance out of a STEM, a sharp and intense electron
probe is essential, as it not only minimizes the interaction volume with the speci-
men (thus giving higher spatial resolution) but also generates enough signals to be
collected and analysed. The probe size is mainly controlled by aperture diffraction
effects and the 3rd order spherical aberration (Cs) in the objective lens. The con-
vergence semi-angle, α, which is controlled by the objective aperture, who plays
an important role. If this angle is too small, the probe size will increase due to
aperture diffraction. If this angle is too big then off-axis electrons from high angles
will blur the probe due to spherical aberration. Practically there exists an optimum
convergence angle (aperture size) which represents the best compromise between
the diffraction limit and the spherical aberration so that the smallest possible elec-
tron probe can be formed. Watanabe et.al.106 have calculated the probe size for
the Lehigh JEOL 2200FS (S)TEM, as shown in Figure 2.3. In the conventional
condition (open triangles in Figure 2.3 (a)), the optimum aperture size is limited
to a relatively small value (12 mrad) and the best electron probe size is about 1.5
A˚(defined as containing 50% of the total probe intensity).
It was proven by Scherzer that correction of the spherical aberration (Cs) in
electromagnetic lenses is possible if the rotational symmetry of the lens is abandoned.
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Figure 2.2: A group of images recorded from the same region in a mixed phase CoO-
Co3O4 specimen using signals from (a) the O K-edge, (b) the Co L-edge,
(c) the processed L3/L2 image, displaying the distribution of the Co va-
lence states and (d) the atomic concentration ratio image of O/Co. (after
reference105)
For instance, a single quadrupole lens can converge the beam in one direction and
diverge it in the other (assuming both directions are perpendicular to the optic axis).
The combination of multiple quadrupole lenses can form an image and permit the
creation of negative spherical aberration.107 The aberration correction systems based
on these kinds of multipole lenses have been recently commercialised by Nion108 and
Corrected Electron Optical Systems (CEOS).109 Nion’s corrector, consisting of three
octupoles and four quadrupoles, is specifically designed for a dedicated STEM (i.e.
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no lenses after the specimen), whereas the CEOS’s corrector is designed to fit into
most (S)TEM instruments (which can then be operated in both TEM and STEM
modes). JEOL 2200FS (S)TEM used in this project was equipped with a CEOS’s
probe corrector, containing two hexapoles and several additional coupling lenses,
and is located between the condenser system and the objective lens.106
Figure 2.3 (a) shows that the optimum convergence semi-angle of the electron
beam in the Cs corrected condition (see open and close circles) can be increased to
about 25 mrad. The overall probe diameters simulated at the optimum convergence
semi-angle for the conventional and Cs corrected conditions (12 and 25 mrad, re-
spectively) are plotted against the probe current in Figure 2.3 (b). It is clear that
the Cs correction provides a smaller electron probe size while maintaining a higher
probe current, as compared to the conventional condition.
A smaller beam and higher beam current will first improve the quality of STEM
imaging. Figure 2.4 shows STEM-HAADF images of a Si single crystal viewed along
the [110] zone axis taken under Cs corrected and the convention conditions, as well
as the calculated corresponding probe intensity distributions. The image taken with
Cs correction condition is much improved in terms of both resolution and signal-to-
noise ratio as compared to that one taken under conventional conditions.106
The Cs correction improves the spatial resolution not only in lateral (x,y) plane,
but also in z (depth) direction. If the Cs is corrected, the depth of field ∆Z in the
STEM will be mainly controlled by the diffraction limit and chromatic aberrations,
and can be estimated using the eqn. 2.1:110
(∆Z)2 = (∆ZR)
2 + (∆ZC)
2 (2.1)
where
∆ZR = 2λ/α
2
∆ZC = Cc ·∆E/E
∆Z depends on a diffraction limited ∆ZR term and a chromatic aberration
limited ∆ZC term. For the JEOL 2200FS at Lehigh University, the ∆Z value can
be estimated using the following parameters: The electron wavelength (λ) is 0.00197
42
Figure 2.3: The probe diameter and probe current as a function of convergence semi-
angle. (a) The probe diameters containing 50% of the total intensity sim-
ulated based on the polychromatic point source for the conventional (open
triangle) and aberration corrected (full aberrations: open circles, main aber-
rations only: closed circles) JEM-2200FS, plotted as a function of the con-
vergence semi-angle. (b) The overall probe diameters containing 50% and
90% of the total intensity simulated by convolving the polychromatic inten-
sity distribution with the Gaussian intensity distribution, plotted against
the probe current. The polychromatic intensity distributions at convergence
angle α = 12 and 25 mrad were used for the conventional (open & closed
triangles) and aberration-corrected (open & closed circles) conditions, re-
spectively. (after reference106)
nm at a 200 kV (relativistically corrected). The energy spread of the electron beam
(∆E) is about 0.8 eV when the energy of the electrons (E) is 200 keV. The chromatic
aberration coefficient of the objective lens (Cc) is about 2 mm. The resultant depth
of field ∆Z at a 26.5 mrad convergence angle is about 10 nm.
Borisevich et.al.111 have compared the simulated the probe intensities in free-
space (i.e. no sample is included) at the conventional and the Cs corrected con-
ditions, as shown in Figure 2.5 (a) and (b) respectively. The electron intensity is
significantly concentrated to a ±5 nm dimension in z direction for the Cs corrected
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Figure 2.4: r
ecorded in the (a) conventional and (b) Cs corrected conditions using the JEOL
2200FS (S)TEM.]HAADF-STEM images of Si [110] recorded in the (a)
conventional and (b) Cs corrected conditions using the JEOL 2200FS (S)TEM.
The corresponding probe intensity distributions were also plotted. For the
conventional condition, the convergence angle α = 12 mrad with a probe current of
10 pA and in the Cs corrected condition at α = 25 mrad with a 50 pA probe
current. Both the distributions were drawn with the same vertical intensity scale.
(after reference106)
beam. Their simluations also showed that if the 5th order Cs aberration is corrected,
the electron beam will be further condensed to a ∆Z range of about ±1 nm (Figure
2.5 (c)). The high depth resolution facilitates the concept of depth sectioning analy-
sis (i.e. through focal series) of the sample to provide three dimensional information.
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Figure 2.5 (d) shows the intensity variation of a Pt atom supported on a γ-Al2O3
crystallite at different focus values. The error bar represents the variation of the
background signal intensity near the Pt atom.112
Figure 2.5: Probe intensity profiles in free space as a function of defocus for microscopes
of three generations: (a) 100 kV microscope without Cs correction, (b) 300
kV microscope with third-order Cs corrector and (c) a hypothetical 200 kV
instrument with Cs correction up to 5
th order. (after reference111) The in-
tensities in (a), (b) and (c) are normalized to the peak value on the 0 defocus
on each image. (d) Variation of the incremental intensity of a single Pt atom
on a γ-Al2O3 crystallite at different focus value, the line is a Gaussian fit.
(after reference112)
Even higher depth resolution can in principle be achieved using the scanning
confocal electron microscope (SCEM), which uses two sets of aberration corrected
electron optic systems and the specimen is only sampled in the confocal plane of
these two systems. Nellist et.al. 113 showed that the SCEM principle when employed
in a (S)TEM instrument with two Cs correctors (i.e. probe corrector and image
corrector) can provide a depth resolution of just a few nm. Interestingly, elemental
mapping in three dimensions can also be obtained using this technique. As shown in
Figure 2.6 (a), due to the existence of chromatic aberration, electrons that experience
energy loss in the specimen will not be able to reach the detector in the confocal
mode, and therefore energy filtering can be achieved. The data processing follows
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a standard three window method (similar to that used in energy filtered TEM) as
shown in Figure 2.6 (b), and the background removed core-loss signal can be used to
map specific elements. An example of a Si map using EFSCEM taken from a Fe2O3
core/SiO2 shell mesoporous material is shown in Figure 2.6 (c) (x-y scan) and (d)
(x-z scan). On both Si maps, the SiO2 shell structure can be clearly seen.
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Figure 2.6: An example of an neergy-filtered scanning confocal electron microscopy:
(a)Schematic diagram of an energy-filtered scanning confocal electron mi-
croscopy (EFSCEM). (after reference115) (b) Schematic diagram of the three-
window technique employed in the EFSCEM. The core-loss signal is obtained
from the post-edge by subtracting a background which is estimated using
two pre-edge images and fitting a background model AEr. (c) and (d) show
applications of EFSCEM to a Fe2O3 core/SiO2 shell mesoporous material. Si
core-loss signals from x-y and x-z scans are shown in (c) and (d) respectively.
(after reference114)
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Secondly, the advent of Cs correction has also brought about a significant im-
provement to chemical analysis in the STEM. For instance Varela et.al.116 demon-
strated that a single La atom can be detected inside the CaTiO3 lattice. Figure
2.7, shows that EELS analysis in an aberration corrected STEM can be done on a
column-by-column base and with single atom sensitivity.
Figure 2.7: An example of atomic resolution STEM-EELS: (a) Z-contrast image with
(b) EELS traces showing spectroscopic identification of a single La atom at
atomic spatial resolution, with the same beam used for imaging. The M4,5
lines of La are seen strongly in spectrum 3 obtained from the bright column
a total collection time of 30 s. Other spectra from neighbouring columns
show a much reduced or undetectable La signal. (after reference116)
Watanabe et.al.117 demonstrated that the spatial resolution of XEDS analysis
can be reduced to about 0.4 nm in an Cs corrected VG HB 603 STEM, and that
the minimum detectable mass can be improved by a factor of 2-5 compared to the
use of conventional conditions. Figure 2.8 shows that the calculated detection limit
(described using the minimum mass fraction (MMF)) in the Cs corrected condition
is about three times better than that for the conventional condition.
XEDS mapping with atomic resolution is also possible, as demonstrated by
Watanabeet.al.118 in Figure 2.9. However due to low signal collection efficiency
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Figure 2.8: The improvements of detection limit in STEM-XEDS after aberration cor-
rection: The detection limit of Mn atoms in a thin foil of Cu-0.12wt%Mn
solid solution, obtained in the uncorrected HB 603 STEM is indicated as
closed circles. The solid line indicates the detection limit calculated with
the same probe size (1.1 nm) and a 10 times higher probe current in the Cs-
corrected HB 603 STEM. The detection limit (MMF) using the Cs-corrected
probe can be approximately 3 times better than for the uncorrected HB 603
for the same acquisition conditions. (after reference117)
(about 1%) for conventional detector geometries, the signal-to-noise ratio in a XEDS
atomic resolution map is much worse than the corresponding EELS map acquired
simultaneously. This is because the polepiece gap in the objective lens is small (e.g.
2 mm for the JEOL 2200FS (S)TEM119). The detector has to stay further away
from the sample so that the collection solid angle is typically around 0.1 sr. With
aberration correction, the gap of the polepiece can be opened up without any sig-
nificant loss in resolution, and therefore larger detectors can be put closer to the
sample, which means the collection efficiency can be significantly increased. For
instance in the newly designed Titan3TM G3 60-300 STEM the polepiece gap opens
to 5.4 mm.120 Large solid angle SDD X-ray detectors are also commercialized (see
48
Figure 2.10 (a)). The collection angle for those newly designed spectrometers is fast
approaching 1 sr. Allen et.al.121 demonstrated that resultant signal to noise ratio in
the atomic XEDS mapping is significantly improved, as shown in Figure 2.10 (b).
In addition, the possibility of having a wider polepiece gap in the objective
lens of a Cs corrected microscope also provides more space and flexibility for other
important applications. It can facilitate not only higher specimen tilting limits to
study crystalline materials (±40◦ compared to the conventional ±20◦), but also
more advanced applications such as STEM tomography and in-situ experiments
(gas/liquid, cooling/heating and nanoscale property measurements). An example of
this is shown by Carton et.al.,122 that the recently developed nano-indentation holder
(Figure 2.11) that can be incorporated into an aberration corrected instrument to
measure mechanical properties of nanoparticles while simultaneously monitoring
their structural changes at the atomic level.
Figure 2.9: An example of atomic resolution STEM-XEDS: XEDS (top row) and EELS
(bottom row) mapping of a GaAs specimen in aberration corrected STEM
(JEOL ARM200F), showing that atomic resolution XEDS mapping can be
achieved, although the signal-noise ratio is lower than the simultaneously
acquired STEM-EELS map, due to the lower X-ray collection efficiency.
(after reference118)
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Figure 2.10: Another example of atomic resolution STEM-XEDS using more advanced
spectrometer: (a) Super-XTM (FEI Co.) detector geometry scheme. (b)
Composite Sr/Ti XEDS chemical map with an averaged map obtained from
several such maps (inset at bottom left), and a simulation (inset bottom
right); The top half of the map is the raw data from a single scan. (after
reference121)
Figure 2.11: In-situ TEM nano-indentation holder. Courtesy of Nanofactory Instru-
ments Inc. (after reference122)
Last but not least, Cs correction has made it possible to lower the accelerating
voltage used in the STEM while still keeping atomic resolution. Krivenek et.al.123
recently showed that it is now possible to reach 1A˚(full width at half maximum)
probe size at 60kV, which can avoid direct knock-on damage of light atoms (e.g.
B, C, N and O) and therefore facilitate improved characterization of materials con-
taining those elements. Figure 2.12 shows an example of ADF image and EELS
elemental map acquired simultaneously at 60kV from an Er-doped carbon nan-
otube, which would otherwise be easily damaged in a regular STEM operated at
higher accelerating voltage. With a primary electron beam energy <60 kV with
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atomic resolution should also be possible, but will require additional correction of
higher order aberrations and chromatic aberration.123
Figure 2.12: An ADF image (a) and EELS spectrum image acquired simultaneously on
an Er doped carbon nanotube. (b) Erbium map (Er N4,5 edge) (c) Carbon
map (C K edge). (after reference123)
2.2 Application of STEM in the study of hetero-
geneous catalysts
HAADF is the most popular imaging mode in the STEM. It is particularly useful
in the research of heterogeneous catalysts, where precious metals (typically high Z
materials) are often dispersed on carbon or oxides (i.e. low Z supports). In the study
of supported metal catalysts, a key parameter is metal dispersion or particle size
distribution. However, small metal species below ∼1 nm are generally overlooked in
conventional HR-TEM images because the phase contrast of the particle will be too
low if the specimen contains 10 atoms or less.124 Thanks to the advent of Cs correc-
tion, both the spatial resolution as well as the signal-to-noise ratio of the HAADF
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imaging have been greatly improved. Individual atoms can now be routinely imaged,
and therefore a complete particle size distribution can in principle be revealed.125
Using this HAADF method, Herzing et.al.126 studied a series of Au/FeOx catalysts
prepared by co-precipitation (Figure 2.13 (a)). They found that sub-nm Au clusters,
especially bi-layer clusters, only exist in the active Au/FeOx catalysts, and therefore
proposed that they should be the dominant active species which are responsible for
the catalytic activity in the CO oxidaiton reaction. Similarly, Zhou et.al.127 studied
WO3/ZrO2 solid acid catalysts (Figure 2.13 (b)) and directly identified supported
poly-tungstate clusters as being the active species in light alkane isomerization.
Figure 2.13: (A) Bi-layer sub-nm clusters (circled in white) in Au/FeOx (after refer-
ence126) and (B) poly-tungstate clusters (circled in red) in WO3/ZrO2 (af-
ter reference127) are proposed to be the most active species for CO oxidation
and light alkane isomerization respectively.
The Z-contrast inherent to HAADF images can also be used to study the elemen-
tal distribution within bimetallic nanoparticles. Tiruvalam et.al.48 demonstrated
that Au-Pd nanoparticles with homogeneous alloy or core-shell morphologies can be
unambiguously distinguished just by HAADF imaging (see Figure fig:2-12). Fur-
thermore, Chen et.al.128 demonstrated that an ordered structures in Pt3Co nanopar-
ticles can be visualized by HAADF as well as a three atom thick surface layer of
segregated Pt (see Figure 2.15).
Gates and Browning et.al.129–132 demonstrated that even beam sensitive zeolite
based catalysts can also be studied using STEM-HAADF imaging. One example
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Figure 2.14: Representative STEM-HAADF images of individual sol-immobilized AuPd
nanoparticles on TiO2 supports after drying at 120
◦C for 16 h. (a) homoge-
neous Au-Pd alloy; (b) Au-shell/Pd-core morphology; (c) Pd-shell/Au-core
morphology. (after reference48)
Figure 2.15: An example of order alloying revealed by HAADF-STEM: (a) Aberration-
corrected HAADF image of one ordered particle with in the “Pt3Co” sam-
ple. FFT of the image in the inset shows superlattice reflections marked
by arrows. (b) Normalized integrated intensity of the first seven atomic
columns of the particle along the dashed line in (a). The observed linear
intensity variation near the surface is more probably attributed to a thick-
ness change, which suggests that the surface regions (the first three layers)
are Pt-rich relative to the particle interior. (after reference128)
of their work on Au/zeolite NaY is shown in Figure 2.16. The bright spots in
Figure 2.16 (b) and (c) correspond to two gold atoms sitting on different sites in the
zeolite framework. These Au atoms located at different sites have different bonding
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configurations with the support, which may significantly affect of their catalytic
activity in the CO oxidation reaction.132
Figure 2.16: An example of HAADF-STEM characterization of beam sensitive material:
(a) Aberration-corrected HAADF-STEM images of the Au atoms in zeolite
NaY frame work viewed along [110] zone; (b) Zoomed-in view of a Au atom
sitting on the T6 site; (c) Zoomed-in view of a Au atom sitting on the T5
site. The dashed lines help to mark the position difference between the Au
atoms in (b) and (c). (d) Perspective views of gold atoms at T6 and T5
positions in an isolated supercage, viewed along the [110] zone. (adapted
from reference132)
STEM-XEDS and STEM-EELS are also widely used for studying the elemen-
tal distribution of nanoparticles in bimetallic catalysts. Using STEM-XEDS spec-
trum imaging, Herzing et.al.40 demonstrated that core-shell morphologies in Au-Pd
nanoparticles can be revealed in catalysts prepared by conventional impregnation
(Figure 1.6 (a-c)). Similarly Mazumder and Chi et.al.133 studied Fe-Pt-Pd trimetal-
lic particles for oxygen reduction reaction, and a FePt shell Pd core stucture was
found by STEM-XEDS. Xin et.al.134 identified core-shell morphologies in Pt-Co
nanoparticles using STEM-EELS spectrum imaging.
The elemental distribution in bimetallic catalysts between different particles is
also an important parameter to characterize. In fact it is rare to achieve an ideal
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uniform composition distribution from particle-to-particle in a catalyst sample. For
instance, Lyman et.al.135 reported a bi-modal composition distribution with respect
to particle size in the Pt-Rh catalyst system prepared by impregnation. This bi-
modal distribution was attributed to a phase seperation between Pt-rich particles
and Rh-rich particls, due to the presence of a low-temperature miscibility gap in the
Pt-Rh equilibrium phase diagram. Herzing et.al.41 still showed that a systematic
composition variation with size for AuPd particles prepared by impregnation, as
larger particles are consistently Au-rich whereas smaller particles are always Pd-
rich (Figure 1.6 (a-c)). The mechanism for the composition variation in Au-Pd
system is less well understood. Alloyeau et.al.136 studied the coarsening of Pt-Co
particles on the surface of carbon at high temperatures (i.e. 750◦C). A systematic
particle composition variation with size, with bigger particles being Co rich and
smaller particles are always Pt-rich, was attributed to a faster Ostwald ripening
process for Co ralative to Pt species on the support surface.
Braidy et.al.137 reported that when studying the bi-metallic Ag-Au particles us-
ing STEM-XEDS, the Au content decreases with the increasing spectrum acquisition
time, suggesting a selective depletion of Ag via knock-on damage by the electron
beam. This effect was also found to be size sensitive as Ag in smaller particles were
more easily to be knocked out. Therefore they went on to simulate the minimum
detectability of Ag for particles of different sizes, as shown in Figure 2.17 (a). For
particles smaller than 6 nm, this minimum detectable limit was found to approach
100%, which means thay no Ag signal can be detected for particles smaller than 6
nm, even though they may initially contain some Ag atoms. Extra caution therefore
needs to be paid to this potential artefact performing chemical analysis of Au-Pd
particles, because as shown by Egerton,138 the theoretical sputtering threshold for
Pd is well below 200 keV, which is the voltage at which the Lehigh microscope op-
erates. We will show that a simple test involving sequential spectra acquisitions can
be done to test the magnitude of this effect.
“Gentle STEM” which employs a very low primary beam energy is also now
finding applications in catalysis research. For instance, Li and Zhou et.al.139 recently
studied a carbon nanotube/graphene complexe material as a cheaper alternative
55
Figure 2.17: Possible beam effect on chemical analysis of alloy nanoparticles: (a) Sim-
ulated practical minimum detectable initial Ag fraction (at.%) as a func-
tion of nanoparticle size D (nm) for different acquisition times (after refer-
ence137); (b) Calculated sputtering threshold energy for different elements,
showing that 200 keV electron beam can potentially sputter some of the
elements of interest to us (i.e. C, Ti and Pd) out of catalyst samples and
causing systematic errors in composition determination demonstrated in
(a) (after reference138)
for an oxygen reduction electrocatalyst for fuel cell applications. As illustrated in
figure 2.18, Fe and N impurities found by EELS mapping on the edge of graphene
sheet, were shown to be the catalytic active sites. The carbon nanotube/graphene
complexes also played an important role: the outer shell of the nanotube was un-
zipped to form catalytically active sites with Fe and N impurities, while the inner
cylinder shell of the tube remained structurally rounded to provide the required
electron conductivity. The structure and chemical information revealed by “Gentle
STEM” at 60 kV on these very beam sensitive material provided the key input in
formulating this proposed catalysis mechanism.
All of the applications described so far have involved so-called “ex-situ” char-
acterization. For this kind of experiment, there is always a danger that the true
56
Figure 2.18: Microscopic imaging and spectroscopic mapping of Fe and N atoms on car-
bon nanotube/graphene complexes, using an aberration corrected STEM
operrated at 60kV. The top image shows a ADF STEM micrograph of a car-
bon nanotube partially covered with nanosized graphene pieces, showing
many heavy atoms (bright regions) in the nanotube/graphene material.
The area marked by the white square is further characterized by EELS.
The summed spectrum below shows characteristic C, N and Fe absorption
edges. The image inset within the spectrum is the overlaid atomic scale
EELS maps for Fe (red) and N (green). (after reference139)
microstructural information obtained may not be representative of the catalyst un-
der working condition. After all sample preparation, high vacuum exposure and
electron beam irradiation in the microscope may all introduce unwanted artefacts
into the sample. Furthermore it is impossible for “ex-situ” experiments to directly
monitor the dynamic evolution of the catalyst structure under the working condition
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or during synthesis processes. “In-situ” experiments within the electron microscope
may offer a path overcome these limitations.
In-situ heating experiments within the electron microscope can be done using
special holders. Allard et.al.140,141 recently demonstrated the application of the
AduroTM holder, which incorporates a MEMS based in-situ heating chip developed
by Protochips Inc. Compared to conventional in-situ heating devices, the AduroTM
system limited the heating area to a 150 nm thick, 500 µ square membrane at the
center (Figure 2.19 (a) and (b)). Therefore it provided high temperature ramping
rate (106 ◦C/s) for cooling and heating and minimize the heat radiation to the rest
of the microscope. This ensures the high stability of the sample needed for high
resolution imaging, which can be seen from images taken at 250◦C in Figure 2.19
(c-e). The sample being studied is a 2wt% Au/Fe2O3 commercial catalyst from the
World Gold Concil. The catalysts have been calcined at 400◦C and subjected to
NaCN leaching procedure to remove surface Au. From Figure 2.19 (c) it can be see
that there are no Au particles on the edge of the Fe2O3 crystallites. The Au particle
(labelled P3) and many smaller sub-nm clusters around it are probably all situated
inside the support, trapped either in the pore (labelled as V3) or in the hematite
lattice. This structure was stable at 250◦C, but after the sample was subjected to
a 2 min in-situ heat treatment at 500◦C and returned back to 250◦C (see Figure
2.19(d)), it is clear that the P3 particle has changed in morphology, and that the
population of sub-nm clusters had decreased significantly, as had the total number
of the particles present in the image. At this stage, there were still no particles on
the support which were in profile view. After another 5 min heat treatment at 500◦C
(see Figure 2.19(e)), the pore V3 disappeared, and the total number of particles went
down again due to agglomeration. P3 also changed its morphology again, becoming
more equiaxed. Furthermore, particles in profile view on the support can now be
seen implying that they are on sitting the outer surface. Particle P3 has either
travelled to surface or became trapped into the lattice. This experiments confirmed
that (i) a large portion of Au can be trapped into the support for Au/FeOx catalysts
prepared by co-precipitation; (ii) Au atoms can diffuse toward outer surface during
heat treatment. We will come back to this experiment in Chapter 4. It is clear that
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this type of experiment whereby the evolution of Au species during heat treatment
observed real-time can profound impact on catalyst design.
Figure 2.19: An example of in-situ STEM study using AduroTM heater chip: (a)
Schematic cross section of an AduroTM heater chip, showing the general
structure of MEMS-fabricated elements (b) secondary electron image of a
heater chip. (c-e) A Au/Fe2O3 catalyst from the World Gold Council after
cyanide treatment characterized using the AduroTM heater chip in a Cs cor-
rected JEOL 2200FS (S)TEM in ORNL. All images were taken at 250◦C.
(c) the original state, (d) and (e) are recorded after heating to 500◦C for 2
and 5 mins respectively. The coalescence of the finely dispersed Au species
during heating at higher temperature is coupled with the appearance of Au
particles 1 to 2 nm in size on the outer surface (arrowed in white). Void V3
(arrowed in black) at first swelled laterally and became essentially spherical
in shape, then shrank to disappearance. Particle P3 expands laterally after
2 min at 500◦C, then becomes equiaxed after the void fully shrinks. (after
reference140)
Reaction gases can be fed into the specimen area using special environmen-
tal TEM/STEM instruments,142–144 which utilize differential pumping systems that
allow higher pressure in the specimen chamber, while keeping the rest of the mi-
croscope under normal vacuum conditions. Different gases can be fed into a mixing
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tank, the contents of which is then fed into the microscope, as shown in Figure 2.20
(a). Crozier et.al.142 demonstrated the in-situ reduction of Ni-Cu catalyst precursors
using 1.5 Torr of 20% H2/80%N2. STEM-HAADF images and the corresponding
EELS spectra are presented in Figures 2.20 (b) and (c) respectively, showing the
dynamic formation of a Ni-Cu nanoparticle. Recently Yoshida et.al.145 studied
supported Au CO oxidation catalysts under the reaction atmosphere using an Cs
corrected enviromental TEM. These authors claimed that adsorbed CO molecules
on the Au nanoparticle could be imaged using this method.
One of the drawbacks of current environmental TEM/STEM instrumentation
is that the maximum attainable pressure in the specimen area is about 2000 Pa.
Higher pressures are needed to better mimic the real reaction conditions. Recently
Li et.al.2 demonstrated a MEMS membrane based gas-cell in-situ reactor developed
by Protochip Inc. As ompared to the model shown in Figure 2.19 (a-b), this newly
designed chip has a 5µm height gas tunnel covered by two 30-nm thick SiN windows
(Figure 2.21 (a)). The catalyst sample is mounted inside the tunnel and attached
to the membrane, which also offers in-situ heating capability. Atomic resolution
imaging can be achieved at high temperature and high pressure in this new holder,
as shown in Figure 2.21 (b-e). Figures 2.21 (g) and (h) shows an example of the
in-situ reduction of Pt-precursors to form Pt nanoparticles in this holder.
2.3 Summary
In this chapter, we have shown that the development of Cs correction has brought
about profound and revolutionary developments for analytical electron microscopy
in the STEM. The formation of smaller probes, that are higher in intensity than
those of the conventional instruments, results in significant improvements in both
the imaging and chemical analysis abilities of the Cs corrected STEM. The possibly
of having a wider pole-piece gap in the objective lens also allows more flexibility for
characterization, fabrication and measurements at the nanoscale inside the STEM.
Furthermore the development of low kV “Gentle STEM” is beginning to facilitate the
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Figure 2.20: An example of in-situ study using environmental transmission electron mi-
croscope (ETEM): (a) Schematic diagram showing the basic elements of
the inlet and outlet line to an environmental cell in the ETEM. (after ref-
erence144) (b) In situ Z -contrast image of Ni-Cu nanoparticles and (c) the
in-situ EELS nanoprobe chemical analysis of the particles indicated in (b).
The experiments were performed at 300◦C under 1.5 Torr of 20% H2/80%
N2. (after reference
142)
atomic-scale characterization of beam sensitive materials containing light elements.
The various examples presented here have shown that the Cs corrected STEM
is becoming a unique and indispensable tool for the characterization of heteroge-
neous catalyst systems. It was demonstrated that combining Cs corrected STEM
with novel devices for in-situ experiments holds great future promise for analyzing
catalysts under more realistic working conditions.
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Figure 2.21: (a) Gas-cell geometry, schematically showing the catalyst deposited on the
interior surface of heater element. STEM HAADF/BF pairs showing lattice
fringes of Rh nanoparticle with (b,c) vacuum in cell and (d,e) cell at 1
atm air at 350◦C. (f,g) Before and after a 800◦C, 60 s reduction treatment
resulting in the appearance of Pt nanoparticles in and on (arrows) a CaTiO3
support. (after reference2)
The aberration corrected electron microscopy facilities available in Lehigh Uni-
versity and in our collaborators’ labs have provided us with a unique opportunity
to study the various aspects of supported Au and Au-alloy catalysts down to the
atomic scale. The chemical and structural information obtained has revealed some
profound insight into the mechanisms by which these catalysts operate and has pro-
vided valuable feedback that has allowed us to optimize the catalyst preparation
procedures, so that better performing catalysts can be created.
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Chapter 3
Experimental details
3.1 Catalysts testing
The testing protocols for two reactions, namely the direct synthesis of H2O2 and
selective oxidation of benzyl alcohol, which are repeatedly encountered in Chapters
5 to 8, will be described in detail here. The catalyst testing procedure for the CO
oxidation reaction is described separately in Chapter 4. All the catalysts preparation
and performance testing were performed by our collaborators in Cardiff University.
3.1.1 Direct synthesis of hydrogen peroxide from molecular
O2 and H2
Catalyst testing was performed using a stainless steel autoclave (Parr Instruments)
with a nominal volume of 100 mL and a maximum working pressure of 14 MPa. The
autoclave was equipped with an overhead stirrer (0-2000 rpm) and had provision
for measurement of temperature and pressure. For the standard reaction conditions
we have employed, the autoclave was charged with the catalyst (0.01 g) and solvent
(5.6g MeOH and 2.9g H2O), and purged three times with 5%H2/CO2 (3 MPa) and
then filled with 5%H2/CO2 and 25%O2/CO2 to give a hydrogen oxygen ratio of 1:2
at a total pressure of 3.7 MPa. Stirring (1200 rpm) was commenced on reaching
the desired temperature (2◦C), and experiments were carried out for 30 min. The
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H2O2 yield was determined by titration of aliquots of the final filtered solution with
acidified Ce(SO4)2 (0.007 mol/L). Ce(SO4)2 solutions were standardized against
(NH4)2Fe(SO4)2·6H2O using ferroin as indicator.
Hydrogen peroxide hydrogenation was evaluated using a Parr Instruments stain-
less steel autoclave with a nominal volume of 100 mL and a maximum working pres-
sure of 14 MPa. To test each catalyst for H2O2 hydrogenation, the autoclave was
charged with catalyst (0.01 g) and a solution containing 4 wt%H2O2 (5.6g MeOH,
2.22g H2O, and 0.68g H2O2 (50%)). The charged autoclave was then purged three
times with 5%H2/CO2 (0.7 MPa) before filling with 5%H2/CO2 to a pressure of 2.9
MPa at 20◦C The temperature was allowed to decrease to 2◦C followed by stirring
(at 1200 rpm) of the reaction mixture for 30 min. The amount of residual H2O2
after reaction was determined using the method described above.
3.1.2 Solvent free benzyl alcohol oxidation
A typical benzyl alcohol oxidation reaction experiment was carried out in a stirred
reactor (100 mL, Parr Instruments). The vessel was charged with (40 mL) and
catalyst (0.05 g). The autoclave was then purged five times with oxygen leaving the
vessel at 10 bar gauge. The stirrer was set at 1500 rpm and the reaction mixture
was raised to the required temperature and the reaction time was started as soon
as the required reaction temperature was reached. Samples from the reactor were
taken periodically, via a sampling system. For the analysis of the products a GC-
MS (Waters, GCT Premier) and GC (a Varian star 3400 cx with a 30m CP-Wax 52
CB column) were employed, and the products were identified by comparison with
known standards. For the quantification of the amounts of reactants consumed and
products generated, an external calibration method was used.
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3.2 Catalyst characterization techniques applied
in the thesis
3.2.1 Electron Microscopy
The electron microscopy characterization described in this thesis was mainly done
by the author in Lehigh University. The STEM-EELS studies presented in §4.3.2
was carried out in collaboration with by Dr. Wu Zhou in Oak Ridge National Lab.
Some additional STEM-XEDS studies presented in §5.4.3 was done by Dr. Masashi
Watanabe using the JEOL ARM200F in the JEOL factory in Tokyo.
Aberration corrected scanning transmission electron microscope (Ac-STEM),
conventional transmission electron microscope (TEM) and scanning electron mi-
croscope (SEM) are all used in this thesis. Samples for examination by STEM and
TEM were prepared by dry dispersing the catalyst powder onto a holey carbon film
supported by a 300 mesh copper TEM grid (SPI supplies). Samples for examina-
tion by SEM were prepared by dry dispersing the catalyst powder onto carbon tape
supported on an aluminium specimen stub.
All STEM imaging experiments and the majority of the STEM-XEDS analyses
described throughout the thesis were performed with a JEOL 2200FS (S)TEM at
Lehigh, equipped with a Schottky field emission gun and a CEOS Cs corrector
(third order) and operated at 200kV. The inner collection angle typically of the
high angle annular dark field (HAADF) detector is about 100 mrad at a camera
length of 60 cm. For typical STEM-BF and STEM-HAADF imaging, the probe
current was set to 30-60 pA with a typical dwell time of 64 µs per pixel. All STEM
images presented in this work have been low pass filtered in order to reduce scanning
noise. For STEM-XEDS characterization of nanoparticles, X-ray energy dispersive
spectra were acquired using a Thermo Scientific Noran Si(Li) XEDS detector having
a collection angle of 0.13 sr. For XEDS analysis a larger probe current typically
about 130 pA was used to scan over the whole particle, with a total live time of
about 100-300 s.
The STEM-EELS studies in §4.3.2 was performed with a Nion UltraSTEM 100
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at Oak Ridge National Lab. This microscope is equipped with a cold field emission
electron source and a Nion corrector of 3rd and 5th order aberrations. The micro-
scope was operated at an accelerating voltage of 100 kV. EEL spectra were collected
using a Gatan Enfina spectrometer. For the EELS data shown in this study, the
convergence semi-angle of the incident probe was set to about 30 mrad, and the
EELS collection semi-angle to about 48 mrad.
The additional STEM-XEDS studies in §5.4.3 was performed with a JEOL
ARM200F (S)TEM in the JEOL factory in Tokyo. The latest model of Centurio
SDD XEDS system, with a collection angle of 0.8 sr in this particular instrument,
was used. A probe current of 80 pA and an acquisition time of 300s were used to
collect a spectrum from a 8×8 nm2 area on the Au-Pd/C catalysts.
Conventional TEM studies were performed with a JEOL 2000fx TEM equipped
with a LaB6 thermionic gun operating at 200kV. The instrument also has an Oxford
Si(Li) XEDS system, which was used for chemical analysis. All SEM studies were
performed using a Hitachi 4300SE/N SEM equipped with a Schottky field emission
gun. Elemental analysis in the SEM is performed was carried out using aa EDAX
Si(Li) detector, which has been recently upgraded to a EDAX Silicon Drift Detector
(SDD).
3.2.2 X-ray Diffraction
The X-ray diffraction (XRD) spectra presented in this thesis were acquired by our
collaborators in Cardiff University. The powder X-ray diffraction technique involves
using a monochromatic X-ray beam (e.g. Cu Ka) to bombard a powder sample and
the scattered X-ray intensity is recorded as a function of scattering angle. At certain
angle, when the X-ray source, sample and the detector satisfies Bragg’s law (eqn.
3.1), the strong diffraction peaks appear in the spectra:
λ = 2dsinθ (3.1)
In eqn 3.1, d is the lattice spacing of the sample, λ is the wavelength of the inci-
dent X-ray and θ is the scattering angle. The position and relative intensity of those
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peaks can be used to perform phase identification. In addition, peak broadening can
be used to estimate the average grain size of the sample using the Scherrer equation
(eqn. 3.2)
Daverage = Kλ/βcosθ (3.2)
In eqn 3.2, Daverage is the average grain size in the sample, K is the shape factor,
which is about 0.94 for spherical crystals, β is the line width at the half the maximum
intensity (FWHM) in radians and θ is the Bragg diffraction angle (i.e. the scattering
angle at which the diffraction event takes place).
The X-ray diffraction (XRD) experiments were carried out on a (θ-θ) PANalytical
Xpert Pro powder diffractometer using a Cu Kα radiation source operating at 40
KeV and 40 mA. A typical standard analysis took about a 40 mins run using a
back filled sample. Phase identifications from the XRD patterns were performed by
comparison with the ICDD data base.
3.2.3 X-ray photoelectron spectroscopy
All the X-ray photoelectron spectroscopy (XPS) spectra presented in this thesis
were acquired by our collaborators in Cardiff University.
XPS is a popular technique used in the study of heterogeneous catalysts to ana-
lyze the surface chemistry of the material. In an XPS experiment, a monochromatic
soft X-ray source is used to bombard the sample, causing photo-electrons to be
ejected. If these photoelectrons have enough energy to overcome the work function
of the material, they can be emitted from the sample and be analysed using a spec-
trometer. The measured kinetic energy of the photoelectrons can be used to deduce
the binding energy, which reflects the electronic structure of the material and thus
carries informations about the surface composition and oxidation state of surface
elements. Because the energy of the emitted photoelectrons are relatively low, the
information is mainly coming from the top 1-20 atomic layers of the surface, making
it a highly surface sensitive technique. The spatial resolution of XPS is usually not
better than about 10 µm.
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All the XPS spectra presented in this thesis were recorded using a Kratos Axis
Ultra DLD spectrometer. Samples were mounted using double-sided adhesive tape,
and binding energies were calibrated using the C(1s) binding energy of adventitious
carbon contamination taken to be 284.7 eV. Monochromatic Al Kα radiation was
used for all analyses. The intensities of the Au(4f) and Pd(3d) features were used
to derive [Pd]:[Au] surface molar ratios.
3.2.4 Inductively coupled plasma atomic emission spectro-
scopy
All the inductively coupled plasma atomic emission Spectroscopy (ICP-AES) data
presented in this thesis were acquired by our collaborators in Cardiff University.
ICP-AES is who sometimes referred to as inductively coupled plasma optical
emission spectrometry (ICP-OES). It is an analytical technique used for the detec-
tion of trace amounts of metals. It uses an inductively coupled plasma to evaporate
and ionize the atoms in the sample. The excited atoms and ions will then emit
electromagnetic radiation at wavelengths that are characteristic of a particular ele-
ment. The intensity of this emission is indicative of the concentration of the element
within the sample.
In this work, ICP-AES analysis was performed with the Atom Scan 16 (TJA
Corp.). Approximately 0.05 g of the sample was weighed accurately and digested
with 0.5 mL of concentrated hydrofluoric acid by heating at 100◦C for 30 min-
utes. After evaporating the acid, 0.25 mL each of concentrated nitric acid and
concentrated hydrochloric acid were added and the material digested for a further
30 minutes. This solution was then diluted to 5 mL with deionized water and was
further diluted as needed with 5% nitric acid prior to ICP-AES analysis.
3.2.5 Atomic absorption spectroscopy
All the atomic absorption spectroscopy (AAS) data presented in this thesis were
acquired by our collaborators in Cardiff University.
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AAS determines the concentrations of metals present in liquid samples. The
sample is first atomized in a flame, then a light beam is passed through it. In
their elemental form, metals will absorb ultraviolet light when they are excited by
heat. Each metal has a characteristic wavelength that will be absorbed. The AAS
instrument looks for a particular metal by focusing a beam of UV light at a specific
wavelength through a flame and into a detector. Any change in the UV intensity
reflects the presence and the concentration of the specific metal.
In this work, atomic absorption spectroscopy (AAS) was performed with a
PerkinElmer 2100 Atomic Absorption spectrometer using an air/acetylene flame.
Gold/palladium samples were run at wavelengths of 242.8 nm (Au) and 247.6 nm
(Pd). Samples for analysis were prepared by dissolving 0.1 g of the dried catalyst
in an aqua regia solution, followed by the addition of 250 ml of deionised water to
dilute the sample. AAS was used to determine the wt% of the metal incorporated
onto the support after impregnation, as well as the concentration (ppm) of Au or Pd
that had leached out into solution during reaction. This was achieved by measuring
the Au and Pd content of the used catalyst and comparing it to that of the fresh
catalyst.
3.2.6 Temperature programmed techniques
The various temperature programmed studies described in this thesis were done by
our collaborators in Cardiff University.
Temperature programmed techniques are a series of characterization methods
that use thermal transient analysis. Typically a sample is exposed to different
gaseous environments, and the sample temperature is increased linearly with time.
The purpose of the experiments is to measure different response of the system to
the thermal transition. For instance the thermo-gravimetric analysis (TGA) mea-
sures the weight change of the catalyst with temperature, and the temperature
programmed reduction monitors the consumption of the H2 gas with increasing
temperature.
In our work, TGA was performed on a Setaram TG-DTA. A sample of untreated
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carbon and acid pre-treated carbon (30 mg) was placed in an aluminium crucible
and heated to 350◦C at a ramp rate of 5◦C per min under nitrogen environment. The
variation of the sample mass was then monitored as the temperature was increased.
TPD was performed on a Thermo Scientific TPDRO. A sample of the fresh carbon
and acid pre-treated carbon (0.1 g) was pre-treated at 120◦C with Ar for 3 hours.
Following this, He was flowed over the sample (20 ml min-1) using a heating ramp of
5◦C min-1 until a maximum temperature of 1000◦C was reached. The gases evolved
were monitored by an on-line thermal conductivity detector.
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Chapter 4
Au/FeOx catalysts prepared by
co-precipitation for low
temperature CO oxidation
4.1 Introduction
Au/FeOx prepared by co-precipitation (CP) is one of the most active catalysts for
the low temperature CO oxidation reaction.146 This CP method was developed by
Haruta et al.147 to replace the conventional impregnation methods which generate
Au particles that are typically too large to be very active. 2∼5 nm nanoparti-
cles in catalysts prepared by CP have been proposed to be the most active Au
species.54,147 However some other studies suggest that smaller Au species such as
cationic Au62,63and sub-nm clusters148,149 can also be active; these were not taken
into consideration in earlier works, due to their low visibility in the conventional
HR-TEM124
With the development of aberration corrected STEM, even atomically dispersed
species in heterogeneous catalysts can now be routinely imaged.150 Utilizing such
techniques as STEM-HAADF imaging, sub-nm Au clusters, individual Au atoms,
along with Au nanoparticles with sizes up to around 50 nm were found to co-exist
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in Au/FeOx CP catalysts. Herzing et al.
126 were the first to provide a complete
visualization of the Au distribution using these methods. In that pioneering work,
two Au/FeOx catalysts were prepared by the same co-precipitation route but dried at
the same temperature but in slightly different environments. The catalytic activities
of these two analogous samples showed a sharp contrast — the one dried in static
air was inactive, whereas the other dried in flowing air was extremely active for CO
oxidation. The major structural difference found between these two catalysts, was
that the sub-nm clusters were only present in the active catalyst but absent from
the other. Therefore it was proposed that these sub-nm clusters, especially those
having a bi-layer structure containing 8-12 atoms, are the dominant active species
for this reaction. This work challenged the previous hypotheses in the literature,
that “2-5 nm nanoparticles” were the most important species. However Herzing et
al. treated all nanoparticles beyond 1 nm in dimension as being the same and any
possible variation in that size range was not taken into account.
In both “nanoparticle” and “sub-nm clusters” models described above, the cor-
relations between microstructure and performance of the catalysts were built upon
incomplete particle size distributions, which may potentially bias the conclusions
drawn. Hence getting a comprehensive particle size distribution using AC-STEM
over a wide size range (e.g. 2A˚-20nm), is crucial in order to compare these kinds of
catalysts in a critical and unbiased manner. However it is not so straightforward to
do this by using the conventional particle counting strategies, as will be discussed
in much more detail later in this chapter.
There have now been several attempts at trying isolate these different Au species
using novel preparation strategies, but it was found difficult to do so in the ac-
tive Au catalysts while still reproducing the same high level of catalytic activity.
On one hand, 2∼5 nm nanoparticles can be pre-made using colloidal methods and
then deposited onto suitable catalysts support materials, but this resulted in cata-
lysts having a much lower active catalysts even after removal of the colloid capping
agents.151,152 On the other hand, Landman et. al.60 demostrated that Au clusters
alone can be deposited utilizing the size-selection enabled by a mass spectrometer.
They found that at least 8 Au atoms are needed for the Au clusters to be active for
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the CO oxidation reaction. However this method has not been applied for creating
practical materials on high surface area supports and so it is difficult to compare
their activity with those of the classic Au catalysts prepared by CP method. A
NaCN leaching technique was developed by Flyzani-Stephanopoulos’s group153 to
selectively removed the nanoparticles component, and they were able to pin down
the fact that the activity for the water gas shift reaction was solely related to those
sub-nm Au species remained on the support surface after cyanide leaching, which
were determined to be mainly cationic Au strongly bonded to the surface. However
for CO oxidation, such leached catalysts could only be made active after a post heat
treatment,65 during which particle formation and growth was inevitable.
Therefore, the identity of the dominant active species for CO oxidation still re-
lies on the careful characterization of the co-precipitated Au catalysts, despite their
complex structural nature. In this chapter, we have studied two sets of Au/FeOx
catalysts prepared two leading groups in this field: namely Prof. Hutchings group
in Cardiff University and Prof. Haruta’s group in Tokyo Metropolitan University
(TMU). The preparation routes, although both can be denoted as co-precipitation,
actually varied in certain critical details. The resultant materials catalysts there-
fore showed a variety of nanostructures and hugely different activities. Particle
size distributions covering the whole size range present have been generated from
STEM-HAADF images but using novel strategies for quantifying the particle size
distribution. A possible mechanism, in which the catalytic activity of the CP de-
rived catalysts may depend on the evolution of the surface sub-nm Au clusters from
atoms dispersed in the support lattice will be proposed at the end of this chapter.
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4.2 Comparison of Au/FeOx catalysts prepared
by two different co-precipitation methods.
4.2.1 Catalyst preparation
Gold supported on iron oxide was prepared by co-precipitation from HAuCl4 and
Fe(NO3)3·9H2O precursors using Na2CO3 as a reducing agent.
The typical preparation of a 5wt% Au/Fe2O3 catalyst in Cardiff University is as
follows: 4.807 g of Fe(NO3)3·9H2O was dissolved in 200 ml of de-ionised water, then
4.08 ml of HAuCl4 (12.25 g Au in 1000 ml) was added to this solution and stirred
vigorously while maintaining the solution at 80◦C. This solution had an initial pH
of about 0.8, but this pH value of the solution was increased by adding Na2CO3
dropwise over a 30 minutes time period until the pH reached 8.5. The solution was
then left to age for 1 hour under continuous stirring. Following this the solution
was suction filtered and washed with 2 L of warm water, at around 80◦C. The solid
was then dried in a GC oven under flowing air at 120◦C for 16 hours. Portions
of the sample were then calcined (e.g. at 300◦C) for 3 hours using a ramp rate
of 20◦C min−1. The resultant Cardiff catalysts will be denoted as the “C” series,
followed their final heat treatment experience. For instance, dried-only catalysts are
labelled as “C120” whereas those catalysts dried and then calcined at 300◦C will be
designated as “C300”.
The CP methods used at TMU varied from the above Cardiff route in the way in
which the acidic HAuCl4/Fe(NO3)3·9H2O solution was mixed with the basic Na2CO3
solution. In a typical TMU route, the acidic HAuCl4 and Fe(NO3)3·9H2O solution
was added quickly (i.e. over 2 mins) into the basic Na2CO3 solution. The final pH
was also fixed at 8.5 and the solution was left to age for 1 hour under conditions
of continuous stirring. The resultant solution was then centrifuged with hot water
at around 80◦C. The solid retrieved in this way was then dried in a GC oven under
flowing air at 120◦C for 16 hours. Portions of the sample were then calcined (e.g.
at 300◦C) for 3 hours using a ramp rate of 20◦C min−1. A comparison of two
methods is presented in Table 4.1. The resultant catalysts using the TMU route
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will be denoted as the “T” series followed their final heat treatment experience. For
instance dried-only catalysts will be labelled as “T120” and the catalysts dried and
then calcined at 300◦C will be labelled as “T300”.
Table 4.1: A summary of the similarities and differences in preparation methods between
Cardiff University and Tokyo Metropolitan University
Cardiff Route TMU Route
Mixing sequence Base into acid slowly Acid into base quickly
Aging Time / Temp 1 hour / 80◦C 1 hour / 80◦C
solution final pH 8.5 8.5
Washing 2 L hot water, buckner funnel Centrifuge with hot water
4.2.2 Catalytic testing for CO oxidation reaction
The resultant catalysts from two institutions were tested both at Cardiff University
and TMU. Again the testing conditions at each location varied in certain details.
At Cardiff University, the Au CP catalysts were tested for CO oxidation using
a glass micro-reactor with i.d. 0.5 cm. Typically 10 mg of catalyst was packed
between two small pieces of glass wool to prevent the catalyst from being carried
out of the reactor by the gas flow. The reactor was fixed inside a thermostatically
controlled water bath which was held at 25◦C for the duration of the reaction. The
gas feed, 0.5 vol% CO in synthetic air, was passed through the catalyst bed at
various flow rates (25∼100 ml min−1) controlled by a mass flow controller (MFC)
giving a possible range of gas hourly space velocity (GHSV) of 150,000∼600,000
hour−1. The reaction products were analysed by on-line gas chromatography (GC)
with a 1.5 m Carbosieve column.
In the TMU tests, a similar but more flexible catalytic test set-up was used which
allows the reaction temperature and reactor concentrations to be varied, therefore
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enabling kinetics study. Typically between 10 to 50 mg of catalyst was diluted with
between 190 to 150 mg of -alumina to give a total sample mass of 200 mg. This was
packed between two pieces of glass wool in a 6 mm diameter u-shaped glass reactor.
Using three flow controllers to mix gases, it was possible to use 0.5∼10 vol% CO
and 1∼20 vol% O2 at flow rates of 10-100 ml min−1 with the balance of the gas
being made up by helium. Using water and oil baths, it was possible to carry out
the reactions at temperatures between 10 and 120◦C. A cooling unit can be also
added to achieve reaction temperature below 0◦C.
4.2.3 Results of catalytic measurements
Results for the four catalysts (C120, C300, T120 and T300) studied at 25◦C using
the Cardiff testing protocol can be found in Table 4.2. For the dried-only catalysts,
both T120 and C120 showed high activity and the conversions were close to 100%.
Interestingly, after calcination, the C300 catalyst became much less active, whereas
the T300 catalyst in contrast, still showed a very high level of CO conversion.
Table 4.2: On-line CO conversion tested using the Cardiff protocol
Cardiff Route TMU route
Dried only (C120) 98% (T120) 96%
Calcined at 300◦C (C300) 37% (T300) 92%
Test conditions: 25◦C, 10 mg of catalyst, 50 ml min−1
of 0.5 vol% CO in synthetic air was used, which is
equivalent to a GHSV of 300,000 hour−1.
The differences among these four catalysts was better revealed in the TMU tests,
as shown in Figure 4.1. The two dried-only catalysts showed very similar activity
curves as a function of reaction temperature. The temperature at which 50% conver-
sion was observed for the two dried-only catalysts was around 10◦C. The activities
approached 100% above 25◦C. Once again the major difference in the two prepa-
ration routes were observed after the catalysts has been calcined at 300◦C. The
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activity-temperature curve of the T300 catalyst shifts significantly toward the lower
temperature range, indicating a strong enhancement of the activity in lower tem-
perature regime. In contrast, the curve for the C300 catalyst shifts in the opposite
direction, which means the catalyst is getting deactivated by calcination. The tem-
perature for 50% CO conversion for the T300 catalyst and C300 catalyst are about
-35◦C and 55◦C respectively. This sharp change in catalytic performance of these
two types of CP materials suggested that the evolution of the catalyst structure
must be playing an important role, which may allow us to determine the dominant
active Au species at play in this catalyst system.
Figure 4.1: On-line CO conversion determined at TMU as a function of reaction tem-
perature. 1 vol% CO in air containing 3 ppm H2O was passed over 150 mg
of catalyst at 50 ml/min, which is equivalent to a GHSV of 20,000 hour−1
The corresponding Arrhenius plots, in which the negative slopes represent the
activation energy of the reaction, were also obtained from the TMU data and are
shown Figure 4.2. The kinetics data was only collected between about 10◦C ∼
110◦C, which correlate to the 3.6 and 2.6 values on the X-axis (1000/T) in the
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Arrhenius plots. The measured activation energies are summarized in Table 4.3,
along with the reaction orders determined by changing the concentration of CO or
O2 utilized in the reaction. It is clear that in the low temperature range below
60◦C, all four catalysts display rather similar kinetic behaviours, with an apparent
activation energy around ∼30 kJ/mol and the same order of reaction with respect
to CO and O2. This similarity suggests that the reaction mechanisms in all four
catalysts should be the same within the low temperature range. They may share the
same kind of dominant active Au species and the difference in catalytic behavior
between the various catalysts at these lower temperatures should therefore arise
from the different absolute population of the dominant active Au species.
Interestingly, above 60◦C, the activation energy of the two calcined catalysts
increased to around 100 kJ/mol, which is more than three times larger than the
two dried-only catalysts. This observation is also very different with the previously
reported values of 2∼3 kJ/mol found in Au/TiO2 catalysts above 60◦C.54,154 This
suggests that there might be a new reaction mechanism in play and the Au enti-
ties that participate in this particular mechanism only exist in calcined Au/FeOx
catalysts.
The orders of reaction (Table 4.3) are 1 and 0 with respect to CO and O2
respectively in most cases, except for the C120 catalyst used above 60◦C. This
suggested for the former that the rate determining step is the absorption of CO
on Au. The C120 catalyst showed a different order of reaction with respect to O
above 60◦C, and the activation energy is also lower than the more frequently seen
30 kJ/mol, suggesting another reaction mechanism initiated beyond 60◦C.
78
Figure 4.2: Arrhenius plots derived from the TMU catalytic data.
Table 4.3: Activation energy and reaction orders determined from the TMU catalytic
data.
T<60◦C T>60◦ C
Order of Reaction† Ea‡ Order of Reaction† Ea‡
Catalyst CO O2 (kJ/mol) CO O2 (kJ/mol)
C120 1 0 33 1 1 15
C300 1 0 32 1 0 120
T120 1 0 27 1 0 27
T300 1 0 27 1 0 95
†The reaction orders are at 20%O2 and 1%CO to correspond with the TMU tests.
‡Ea represents the activation energy.
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4.3 Analysis of the structure of the support in
the Au/FeOx Catalysts Prepared by the co-
precipitation method
4.3.1 Bulk support structure analysed using XRD and TEM
X-ray diffraction (XRD) was used to determine the crystal structure of the cata-
lyst support. An ex-situ XRD comparison of the four catalysts (i.e. T120, T300,
C120 and C300) is shown in Figure 4.3. The support structure of the two series
of catalysts varied significantly: The TMU catalysts (T120 and T300) both have
α–Fe2O3 phase (haematite). Furthermore the peaks in the spectrum of T300 are
sharper, indicating a larger crystallite size after calcination at 300◦C. In contrast,
the spectra of the Cardiff catalysts only showed vague peaks corresponding to a
poorly crystallized ferrihydrite phase. Similar information was also obtained from
selected area diffraction (SAD) experiments in TEM. As shown in Figure 4.4, the
SAD pattern obtained from the T300 sample is much more sharp and spotty, than
that obtained from the C300 sample. The phase difference can be seen clearly from
the rotationally averaged spectra of these two diffraction patterns (see Figure 4.4).
Selected catalysts were also characterized in an XRD system equipped with an
in-situ heating stage. The resultant XRD spectra as a function of different heat
treatment parameters are shown in Figure 4.5. It is clear for the Cardiff catalysts,
that the ferrihydrite phase did not largely transform to the haematite phase even
with an extended calcination treatment at 300◦C. For the TMU catalysts, distinc-
tive peaks characteristic of the haematite phase can be recognized from 200◦C and
above, and no recognizable transitional phase was identified. The results of the in-
situ experiments suggest that the origin of the difference iron oxide support phase
identity is controlled in some way by the sequence of mixing the initial Fe(NO3)3
solutions with the the Na2CO3.
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Figure 4.3: XRD spectra of the catalysts. The TMU catalysts (T120 and T300) have
haematite phase and Cardiff catalysts (C120 and C300) have ferrihydrite
phase
4.3.2 Study of the surface structure of the heamatite sup-
port by STEM-EELS
The two TMU catalysts (T120 and T300) were selected for further characterization
using STEM-EELS in the UltraSTEM at Oak Ridge National Lab in order to reveal
any other subtle differences in the heamatite support structure after heat treatment.
Representative STEM-EELS spectrum imaging results were shown in Figures 4.6
and 4.7 for the T120 and T300 catalysts respectively. Fe L2,3 and O K spectra were
extracted from the near surface and the bulk regions of the iron oxide support for
each case, as shown in Figures 4.6 (a),(b) and 4.7 (a),(b) respectively.
The two main features in the Fe L2,3 spectra (Figures 4.6 (a) and 4.7 (a)) are L3
and L2 peaks (or white lines) at about 710 eV and 723 eV respectively. These feature
arises from the electron transition from Fe 2p3/2 and 2p1/2 core levels to unoccupied
3d levels. Ideally if the final states were the same for all excited p-electrons, the
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Figure 4.4: TEM-SAD patterns obtained from C300 and T300 catalysts, and the corre-
sponding rotational averaged spectrum from each pattern.
intensity ratio Rw = I(L3)/I(L2) should reflect the degeneracy ratio of the initial-
states 2p3/2 and 2p1/2, which is 2. But in reality this ratio will mainly depends on
the number of electrons in the final (3d) state and therefore varies with the oxidation
state of the element,155 and it generally has a positive linear correlation with the
oxidation state of the transition metal therefore can be used to identify oxidation
states of the transition metals.156 A second derivative method157 is used to estimate
the Rw by measuring the peak intensity ratio of L3 and L2 peaks in the second
derivative of the original spectrum. The Rw in the bulk phase for T120 (Figures 4.6
(a)) and T300 (Figures 4.7 (a)) are 5.3 and 5.4 respectively, whereas the Rw in the
surface phase are 4.8 and 4.0 respectively.
A systematic shift in L2,3 peaks to higher energy with increasing valence states
can also be used to determine the oxidation state of transition metal.158 This chem-
ical shift can be readily measured in the current case as the spectra from the bulk
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and the surface region were taken from the same spectrum image therefore no fur-
ther energy calibration was required. For both T120 and T300 sample, the L3 in
bulk phase shifts toward higher energy about 1.6 eV compared to that in the surface
phase. Although this is a rather rough estimation as a 0.4 eV/channel dispersion
was used for EELS spectrum imaging acquisition, it is clear that both the white
line ratio method and the chemical shift method have indicated that the Fe on the
surface has lower valence state than Fe in the bulk.
The oxygen K edge spectra for different iron oxide materials usually contain four
distinctive features as shown in Figures 4.6 (b) and 4.7 (b):157,159 Feature A which
is a pre-edge peak at around 530 eV represents the transition of the O 1s electron to
the O 2p states hybridized with the Fe 3d band; Feature B is a peak at around 540
eV, representing O 2p character hybridized with Fe 4s and 4p states, and originates
from a scattering resonance due to multiple scattering processes of the final state
photo-electron within the cage of the first oxygen shell; Features C and D are two
broad peaks from about 545 to 575 eV which occur due to backscattering process
between the absorber and its nearest neighbour oxygen shell. Features B and D are
usually similar for all common iron oxides (i.e. FeO, α–Fe2O3, γ–Fe2O3 and Fe3O4).
The spectra of the surface phase did not show a strong feature A, suggesting that
the surface layer is something close to a FeO phase.
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(a) Material prepared by the Cardiff route
(b) Material prepared by the TMU route
Figure 4.5: In-situ heating XRD results for the catalysts prepared at (a) Cardiff and (b)
TMU. The temperature were ramped from 25◦C to 300◦C at 20◦C min-1.
The samples were hold at 300◦C for different amount of time as specifically
indicated in the figures.
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The spatial extent of the surface phase could be qualitatively mapped using
multiple linear least square fitting (MLLS)160 with respect to spectra taken from the
bulk and surface. The code for MLLS in DigitalMicrograph R© does not constrain
the fitting parameter to be positive, therefore the map could not be considered to
be quantitative. Nevertheless it was clear that the surface phase has roughly 1-2
nm in thickness (see Figures 4.6 (c-f) and 4.7 (c-f)). The presence of this reduced
surface FeO like layer seems not to be affect the catalytic activity, because a similar
reduced layer was also found on a catalyst that had been made to be totally inactive
by calcining it at 500◦C (see Figure 4.8). The layer who seems to be amorphous as
the lattice fringes in the STEM-HAADF image discontinue in this surface region,
which may due to the increasing number of oxygen vacancies. However detail of any
crystalline structure within this layer still needs more investigation by HR-TEM
imaging.
From Figures 4.6 (c-f) and 4.7 (c-f)), we also noticed that the presence of Au
particles on the surface did not significantly affect this surface layer, as the surface
underneath the Au particle appears similar to the free surface in the surface phase
map.
We speculate that this surface layer is likely to be Fe1−xO, or FeO-OH.161 How-
ever the origin of this surface reduced layer is not clear at this moment in time. It is
known that bulk Fe1−xO, Fe3O4 and α–Fe2O3 can co-exist on the haematite surface
and those phases may transfer from one to the other under high vacuum condition
at elevated temperature(i.e. >800K when PO2 is about 10
−6 Pa).162 However this
is unlikely to be the case here as the drying and calcination treatments on our cat-
alysts were carried out in air at much lower temperatures. Surface reconstruction
was another possibility. Lovely et al.163 have reported HR-(S)TEM evidence of
additional octahedral cations occupying the 111 facet surface in a mixed Fe3O4 and
γ–Fe2O3 sample. Jasinski et al.
164 described a similar FeO-like surface layer when
studying iron oxide nanoparticles, and they suggested that such an FeO layer may
come from the desorption of O atoms at high temperature.
It is well documented that electron beam irradiation in the TEM is capable of
reducing some transition metal oxides. For instance, reducing TiO2, Nb2O5, WO3
87
and V2O5 have been reported by Smith et al.
165 and MnO2 reduction was observed
by Garvie et al.166 Although the literature does not contain reports suggesting that
a similar effect could occur on α–Fe2O3, we cannot rule out the possibility of beam
damage contributing to this surface layer.
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4.4 Particle size distribution (PSD) of the Au/FeOx
co-precipitation catalysts determined by STEM-
HAADF
4.4.1 Practical issues relating to the analysis of PSD
Now let us focus back on the Au species in this set of Au/FeOx catalysts. The
four catalysts were characterized using STEM-HAADF imaging in an aberration
corrected JEOL 2200 (S)TEM. This technique utilizes the incoherent high angle
Rutherford scattered electrons, which means that the intensity is approximately
proportional to the square of the atomic number of atoms in the sample. Au can
therefore be easily distinguished from the iron oxide support. Representative lower
magnification and higher magnification STEM-HAADF images of the various cata-
lyst samples are shown in Figures 4.9 and 4.10 respectively. Clearly nanoparticles
of various sizes, sub-nm clusters and isolated atoms can be found to co-exist in all
samples. This is perhaps not so surprising as previously all catalysts showed a very
similar kinetic behaviour below 60◦C. It is therefore highly likely that all catalysts
contain the same dominant active Au species but in different proportion, which
makes an accurate determination the particle size distribution of these catalysts
very important.
Before actually doing the particle counting from these images, we need to clarify
several issues: Firstly it was revealed by Allard et.al.140,141 that in Au CP catalysts,
a significant amount of Au nanoparticles can be trapped within internal pores in
the support and may even be trapped into the lattice if the pore shrank after high
temperature treatment (500◦C). Those internal particles are purely going to be
spectators in terms of the catalytic function. If we count these particles in our
analysis we will definitely creat some bias in our judgements. Fortunately in our
particular case, the C120, C300 and T120 all have ultra small support grains and
does not contain any internal pores, implying that all the particles in these catalysts
were at outer surface. For the T300 catalyst however, a few internal pore was found.
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Interestingly, instead of nanoparticles, the majority of the species trapped in these
pore were atomically dispersed Au, as shown in the thorough focal series presented
in Figure 4.11. This suggested that the nanoparticles and clusters observed by
Allard probably were not “trapped” in the pore, but they were actually formed by
the atomically dispersed species at elevated temperature. This can be confirmed
by examination of the Figure 4.8a, as after higher temperature heat treatment (i.e.
500◦C), nanoparticles can be found associated with internal pores. Hence we can
conclude that for our T300 catalyst, all the Au nanoparticles were also located on
outer surface of the support. Internal voids were avoided while doing statistics for
atomically dispersed species, because these entities are truly trapped inside.
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(a) C120 (b) C300
(c) T120 (d) T300
Figure 4.9: Representative lower magnification STEM-HAADF images showing Au
nanoparticles in the (a) C120, (b) C300, (c) T120 and (d) T300 catalyst
samples.
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(a) C120 (b) C300
(c) T120 (d) T300
Figure 4.10: Representative higher magnification STEM-HAADF images showing Au
nanoparticles in the (a) C120, (b) C300, (c) T120 and (d) T300 catalyst
samples.
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Unfortunately, for the sub-nm clusters and isolated atoms, internal pores are not
the only place where they could be trapped. Figure 4.12 showed two representative
STEM-HAADF images taken from T120 and T300 catalysts samples. On both
images the support was oriented close to [201] zone axis. Au atoms can be found
directly sitting on the Fe sites in the projected haematite lattice (indicated by red
arrows). Occasionally clusters (denoted by yellow arrows) also show some similar
orientation relationship with the lattice column. Given that the support on both T
series catalysts have a reduced surface layer that is much less ordered, those atoms
and clusters then most likely to be inside the lattice. Furthermore, Figure 4.12(a)
shows that some atoms are apparently “floating” away from the lattice were actually
in or on the disordered surface reduced layer (arrowed in white). Even if it can be
later proved that the surface reduced layer was a result of electron beam damage,
those Au atoms sitting on the Fe sites would still be sitting inside the lattice as
they are not affected by the damaged layer. Some fraction of the sub-nm clusters
(arrowed in black) appear to be very mobile under the beam, indicating that these
were probably sitting on the top surface. These results indicate that there will
be a considerable amount of highly dispersed smaller Au species that are actually
trapped in the lattice which cannot participate in any catalysis..
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Secondly, bi-layer and monolayer sub-nm clusters will not be distinguished dur-
ing the current statistical analysis. In principle, bilayer clusters should exhibit ap-
proximately double the intensity of monolayers or isolated atoms after background
subtraction. Therefore in princile adjacent isolated atoms can serve as internal in-
tensity references. However, as a complicating factor, atoms at different heights
in the sample can generate different contrast and make this process ambiguous, as
shown in Figure 4.13. Furthermore, the atoms in the lattice have a strong chance of
overlapping in projection with the sub-nm clusters in the image, as shown in Figure
4.14(a).
The combination of ambiguous “standard” and the limited depth-sectioning abil-
ity of STEM effectively prevents us to from efficiently and quantitatively measuring
bi-layer clusters. Hence all clusters can only be classified by their size but not their
height at this moment. Nevertheless we can speculate based on qualitative analysis
that most of the clusters are in fact to be monolayers (as shown in Figure 4.14).
4.4.2 PSD’s of the Au/FeOx catalysts as represented by
their number densities and mass fractions.
Many methods are currently used to measure particle size, including X-ray diffrac-
tion (XRD), extended X-ray absorption fine structure (EXAFS), probe molecule
absorption, magnetic measurements, optical absorption and neutron scattering.167
However in the case of samples containing ultra-small nanoparticles (∼2 nm or less),
TEM and especially STEM provid a unique ability that allows direct visualization
down even to a single Au atom.
A PSD evaluation process in an electron microscope involves measuring a 3-D
particle size from its 2-D projection in the image. Although supported particles
may in reality vary in shape, they are usually assumed to be ideal spheres for
convenience and described in terms of their diameter value. The process of acquiring
images should be considered as a sampling procedure from the whole population of
particles. No matter what PSD determination method one is using, the ultimate
purpose is to give an estimation of the absolute number of Au species with certain
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size in the whole population. Only then can we build a correlation between catalytic
activity and the number of particles of a type.
Conventionally, particle size distributions (PSD’s) of the sample have been pre-
sented as histograms showing the number fraction of particles falling within certain
size range. This is equivalent to the classic probability of finding certain particles
in the sample, which represents their probability in the whole population provided
that sampling is fair. However, it is not the number fraction, but rather the absolute
number of active species that determines the catalytic activity. Therefore variability
in the total number of particles in the population created from different preparation
methods (even with constant nominal metal mass) tend to void cross comparisons.
Importantly, this simple number fraction method would eventually fail when
the particle size range becomes too wide, as in the case of Au CP catalysts that
are the subject of this chapter. This is because a fair sampling process can not be
ensured for the largest particles and smallest particles if their sizes vary by too wide a
margin. For instance, the nanoparticles in the TMU and Cardiff catalysts are better
sampled at lower magnification (Figure 4.9), which covers an area of approximately
300×300 nm2. By way of convenient imaging sub-nm clusters and isolated atoms
requires higher magnifications (Figure 4.10) which each image only covers an area of
approximately 10×10 nm2. Therefore to get a fair sampling between nanoparticles
and the sub-nm species, several hundred of the higher magnification images should
be taken for each and every lower magnification image, which is not practical, not to
mention that imaging isolated atoms often require selectively choosing the thinnest
area of the support to ensure enough signal to background ratio, which may not be
met in thicker locations.
One way to overcome this problem is to image bigger and smaller species sepa-
rately at different magnification, and then couple the data together in one composite
histogram based on the area of the support over which each of them was explored.
This is equivalent to comparing the number density of the different Au species. In
this particular approach, the whole size spectrum was devided into two regions, with
each being sampled separately. Examples of measuring number density of nanopar-
ticles and sub-nm species are shown in Figure 4.15. The projected area of both
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particles and support needs to be measured at the same time for each image using
ImageJ. Particles that are out of focus (e.g. particles in the lower right portion of
Figure 4.15) would not be counted and neither would the support underneath them.
We chose an An arbitrary 1 nm cut-off as the size boundary, which means particles
above 1 nm will not be counted in higher magnification images, and particles below
1 nm would not be counted in the lower magnification images.
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(a) Example of the variation in intensities exhibited by Au atoms
from the same vicinity.
(b) Intensity profiles of the highlighted paris of atoms
Figure 4.13: (a) A STEM-HAADF image showing variation in intensities exhibited by
Au atoms from the same vicinity. The inside histogram is the incremental
intensity distribution of the atoms. (b) The intensity line profile from two
highlighted pairs, showing very different relative intensities. The inter-
atomic distances between atom A,B and C,D are smaller than Au-Au bond
length,24 suggesting they could be dimers. But atoms C displayed a much
lower intensity compared to other three, indicating that atom C and D are
separated for several nm in the depth direction.
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(a) T120 (b) T300
Figure 4.14: STEM-HAADF images showing that the majority of sub-nm clusters found
in (a)T120 and (b)T300 are liekly to be monolayers, as they show uniform
intensity similar to that of a nearby isolated atom. The area circled in red
is an example of the situation where clusters and atoms at different heights
in the sample overlap with each other.
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(a)
(b) (c)
Figure 4.15: An example of a typical data-set for generating a PSD. (a) the raw image;
(b) particle areas; (c) support area. The particle and support projections
are generated by manually enhance contrast from the points of interest,
defining threshold and then measuring number of pixels using ImageJ
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The resultant particle size distribution presented in terms of their number den-
sities for each of the T and C series catalysts is shown in Figure 4.16. The error bar
represent a 90% confidence level as estimated from averaging more than 30 images
for both lower and higher magnification images. This means that more than ∼2000
particles were counted for each sample. The number densities for each species are
shown using a log scale and an arbitrary 2 nm binning width for particle size was
chosen. Particles larger than 10 nm in size were not shown. Those big particles are
not of interest in terms of catalysis so we can safely ignore them at this stage, since
the number densities for each species type are independent from each other.
However, it is difficult to define the total projected area for the population. It is
also difficult to correlate the BET surface area (Table 4.5) as the support shape is
basically random. Therefore even though in one sample, smaller species and larger
nanoparticles were sampled more fairly, it is still difficult to do cross comparisons
amongst different catalysts.
Table 4.4: BET surface area and Au loading of the C and T series catalysts as determined
by ICP-AES analysis.
Au loading BET surface area
Catalysts wt% m2/g
C120 3.5 253
C300 3.5 † 125
T120 6.0 255
T300 6.0 † 168
† Calcined catalysts were assumed to have the
same loading as their corresponding dried-
only counterparts.
Hence we explored using a third method, which involved measuring the mass
fraction of certain particles in the sample, which can then represent the mass frac-
tion of particles of a type in the population. Furthermore, since the total mass of the
population is something we do independently measure, we therefore have a useful
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baseline from which to perform cross comparisons. The Au loading for each sam-
ple was measured using Inductively coupled plasma atomic emission spectroscopy
(ICP-AES) and the results are shown in Table 4.4. Theoretically the mass fraction
data can be derived from the number density distribution if the number of atoms in
particles of different sizes is known. But practically we need to estimate this param-
eter by making reference to some geometric models of particle structure, such as a
Mackay icosahedral model shown in Table 4.5. The number of atoms for each size
bin size was estimated by averaging two values of the Mackay icosahedrals that are
close to the binning centers. The number of atoms was then divided by two as we
assume most of the particles are only hemispheres due to a strong particle-support
interaction. The number of atoms in all sub-nm clusters was monotonically assumed
to be 10 for simplicity.
Table 4.5: Number of atoms in different particle size bins used to estimate the mass
fraction distribution, as referenced to the Mackay icosahedral model (shown
on left).
Binning (nm) No. of atoms per particle
Atoms 1
sub-nm clusters 10
1-3 1 · 102
3-5 8 · 102
5-7 3 · 103
...
...
13-15 3 · 104
...
...
This third method of PSD analysis is a quite rough estimation. The major
source of error actually arises from the small population of larger nanoparticles,
which have very low counts, but, contain a large amount of atoms. As shown in
Table 4.5, missing one Au particle in the 13-15 nm range equals missing thousands
of sub-nm clusters and atoms. In spite of this limitation, the resultant mass fraction
histograms of the four Au/FeOx were plotted in Figure 4.17. The data shown has all
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been normalized to the actual measured Au loading of each catalyst. Therefore the
value represents the mass fraction with respect to the total catalyst mass, which was
kept the same for each sample to allow for comparison between catalysts. It is worth
noticing that the total mass fraction of sub-nm clusters and individual atoms are
on the order of 1% of the total catalyst mass, which is about 10% of the total mass
of Au. This is one order of magnitude higher than the value estimated previously,
as Herzing et al. quoted this parameter to be about 1-2%.126
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Same deductions can be obtained from the two particle size distribution his-
tograms, represented by number densities and mass fractions (Figures 4.9 and 4.10)
respectively: Firstly, the TMU catalysts (T120 and T300) generally have more
smaller Au species than the Cardiff catalysts (C120 and C300), including isolated
atoms, sub-nm clusters and 1∼5 nm nanoparticles, whereas Cardiff catalysts have
more larger particles in the 5∼9 nm range; Secondly, the dried only catalysts (T120
and C120) generally have more smaller Au species than their corresponding calcined
catalysts (T300 and C300), especially in terms of the sub-nm clusters and isolated
Au atoms.
The PSD results suggest that the 1∼5 nanoparticles cannot be the dominant
active Au species at low temperature (< 60◦C), otherwise C300 would have been
more active than C120. However, at high temperatures (> 60◦C), the activities from
the calcined catalysts could come from the mid-size ∼5 nm particles, as the two
calcined catalysts had the most of these entities. Furthermore, the T120 and T300
catalysts have many more sub-nm clusters and isolated atoms than the C120 and
C300 samples. But because of the complicating conditions discussed in the previous
section, we cannot directly correlate their populations with the catalytic activities,
as many of them may actually be buried in the support and do not participate in
the catalysis.
4.5 Discussion: A proposed mechanism based on
evolution of Au sub-nm clusters
In this chapter, we have been provided with a unique opportunity to study the most
active Au/FeOx catalysts produced by the two of the leading groups in the field who
employ slightly different co-precipitation methods. Even though the four catalysts
tested have very different activities for the low temperature CO oxidation reaction,
they all share the same apparent activation energy at low temperature, indicating
that the four catalysts probably all contain the same dominant active Au species
but with different relative proportions.
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Two different but related methods of doing particle size distributions were demon-
strated in order to overcome the sampling issues associated with having a wide size
range. The three different methods, namely number frequency distribtuion, number
density distribution and mass fraction distribution are summarized in table 4.6. We
have inferred that all the nanoparticles are located at the outer surface and therefore
the lack of correlation of the proportions of nanoparticle to the catalytic activity
suggested that they are not the dominant active species. However for the sub-nm
clusters and isolated atoms, we have provided evidence that a significant fraction
of them are in fact buried inside either the pores or in the support lattice. Hence
the measured proportions of these entities cannot be directly correlated with the
catalytic activity. As mentioned earlier, theoretical considerations60 suggest that
isolated atoms are not likely to be more active for CO oxidation than clusters that
contain more than 8 atoms. Therefore we tend to believe that, if the activity of
Au indeed mainly depends on the particle size, the sub-nm clusters should be the
dominant active species in low temperature regime (<60◦C).
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Combining all the information, a mechanism based on the evolution of those Au-
sub nm clusters can be proposed as shown in Figure 4.18. Starting with the dried-
only catalysts, because of the different preparation methods, T120 will consist of a
haematite support containing lots of atomically dispersed species; however most of
these are buried inside the lattice and do not contribute to the catalysis. In contrast
the C120 catalysts will have a ferrihydrite support with fewer atomically dispersed
species, however for some reason a larger fraction of the sub-nm clusters in C120
were exposed and the net result is that C120 and T120 are comparably active at
ambient temperature. When subjected to calcination, the haematite particles in the
TMU catalysts start to sinter, during which internal pores are created. At the same
time, atomically dispersed Au species in the lattice will tend to diffuse out to the
oxide particle surface to minimize the free energy of the system. Those who already
on the surface can also go through an agglomeration process to form larger particles.
In fact there will be a competition between these two processes. Some Au atoms
will diffuse into the internal pores and might be stabilized by the convex surface.
The net result is that more sub-nm clusters end up on the support surface, and the
T300 catalyst then has the maximum number of the dominant active species and
show CO oxidation activity even at temperatures below 0◦C. In contrast, for the
C300 catalyst, the support particles do not grow significantly and no internal pores
are formed. However because of the intrinsically low number of atoms and sub-nm
Au clusters, in combination with the competitive process of particle agglomeration,
the overall number of exposed sub-nm clusters decreases from that found in the
dried only state. It is also possible that because of the smaller support grain size,
the clusters have shorter diffusion distances and therefore have more opportunity to
agglomerate into larger particles. Both calcined catalysts have more mid-size 5 nm
particles which may be responsible for the activity noted above 60◦C.
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Chapter 5
Gold palladium alloy catalysts
prepared by conventional
impregnation
5.1 Introduction
Supported Au-Pd catalysts are very effective for many important reactions, such as
selective oxidation of alcohols and the direct synthesis of H2O2 from molecular H2
and O2, showing a significant “synergistic effect” between Au and Pd.
168 Although
the detailed mechanism of such synergistic effects are still not clear, there is little
doubt that the alloying and atomic mixing between the Au and Pd component is
important to enhancing the catalytic activity. Hence there has been a lot of research
effort expended in developing preparation method to achieve effective alloying in the
Au-Pd bimetallic catalytic systems.19,168
Conventional impregnation (CIm) is the most popular method for making sup-
ported metal catalysts. It is very straightforward to apply such a simple and uni-
versal technique to Au-Pd bimetallic systems, even though CIm cannot produce
monometallic Au catalysts that are active for CO oxidation.14 Hutchings’ group
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have heavily utilized the CIm route and produced materials which were highly ac-
tive for the direct synthesis of H2O2, with a H2 selectivity of ∼80% achieved in
the absence of any hazardous acid and halide stabilizers.169 Previous studies have
shown that the resultant catalysts produced by the CIm route have a rather broad
and usually bi-modal particle size distribution (most particles in the 1 nm-10 nm
range with occasional very large particles).40 A systematic composition variation
with particle size was also noted with the smaller particles tending to be Pd-rich and
larger particles being Au-rich.41 After calcination, the alloyed particles were found
to have a distinctive Au-rich core, Pd-rich shell morphology on oxide supports (e.g.
TiO2 and Al2O3) but a homogeneous random alloy structure on activated C sup-
ports. This morphology difference was probably due to the reducing nature of the
carbon support as it hindered the formation of PdO.40,41
More recently it was demonstrated by Edwards et.al.1 that an acid pre-treatment
of the catalyst support material also significantly increased the activity of the result-
ing Au-Pd catalysts.1,170 Most importantly, the acid pre-treated carbon supported
catalysts were found to be inactive for the undesired hydrogenation reaction, which
consumes H2 non-selectively to form water.
1 For TiO2 supported Au-Pd catalysts,
the acid pre-treatment also significantly decreased the hydrogenation rate, but not
to the same extend as the C support material.170 Herzing et.al.1,22 has shown that
this acid pre-treatment may have decreased the averaged particle size of the Au-Pd
nanoparticles. He also found that some trace impurities, such as Be, on the activated
carbon support can be removed by this acid pre-treatment, which may otherwise
act as a catalytic poison.
This chapter further extends the previous acid-washing work by monitoring the
effect of heat treatment on 2.5wt%Au-2.5wt%Pd catalysts supported on acid pre-
treated carbon. Detailed characterization of the catalysts was carried out including
extensive STEM studies of the catalysts at different stages of their structural evo-
lution.
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5.2 Experimental details
5.2.1 Catalyst preparation
Supported catalysts were prepared by incipient wetness impregnation of activated
carbon (Aldrich G60) with aqueous solutions of PdCl2 (Johnson Matthey) and/or
HAuCl4·3H2O (Johnson Matthey). The detailed procedure was as follows: An aque-
ous solution of HAuCl4·3H2O [10 ml, 5 g dissolved in water (250 ml)] and an aqueous
solution of PdCl2 [4.15 ml, 1 g in water (25 ml)] were simultaneously added to acti-
vated carbon (3.8 g). The paste formed was ground and dried at 120◦C for 16 hours,
and then portions of the material (0.2 g) were calcined at different temperatures in
the 200-400◦C range for 3 hours. Two sets of supports were used: the activated
carbon as-received, and the carbon was after being subjected to a pre-treatment of
dilute HNO3 in water (2%) for 3 hours at ambient temperature with stirring.
The resultant catalysts were tested for the direct synthesis of H2O2 as described
in §3.1. The carbon support and the resultant catalysts were characterized using
various of techniques, including thermo-gravimetric analysis (TGA), temperature
programmed reduction (TPR), X-ray photoelectron spectroscopy (XPS) and various
lectron microscopy techniques (SEM, TEM, STEM). More details concerning these
characterization techniques can be found in §3.2.
5.3 Catalytic performance
The catalytic data for the acid pre-treated and untreated 2.5wt%Au-2.5wt%Pd/C
catalysts are shown in Figure 5.1. The dried only 2.5 wt%Au-2.5 wt%Pd/carbon
(acid pre-treated) material showed the highest activity (212 molH2O2kgcat
-1h-1 for the
direct synthesis reaction. When the activity of the catalyst was re-evaluated after
one usage cycle, a decrease in activity of >50% to 101 molH2O2kgcat
-1h-1 was ob-
served. Increasing the temperature of calcination (200-300◦C) resulted in a progres-
sive decreased synthesis activity; however, the used material, whilst still unstable,
retains more of its initial activity on re-use (about 70% of the original value when
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calcined at 300◦C). When calcined at 400◦C the material has a specific activity of
160 molH2O2kgcat
-1h-1 on both the first and second use. The hydrogenation activity
of this same set of materials was also determined (Table 5.1), and was again found
to be dependent on calcination temperature. The dried 120◦C material showed the
highest hydrogenation rate of 736 mol H2O2 kgcat
-1h-1, which corresponds to 36%
of the total H2O2 being lost. However, increasing the calcination temperature de-
creases the hydrogenation rate, to the extent that at 400◦C the catalyst exhibits no
measurable hydrogenation activity. In order to investigate just how temperature-
specific this effect is, a small batch of the dried material was calcined at 350◦C, (i.e.
between 300-400◦C) and was still found to hydrogenate H2O2at a relatively low rate
279 molH2O2kgcat
-1h-1)
Table 5.1: H2O2 synthesis and hydrogenation activity of 2.5wt%Au-2.5wt%Pd/C cat-
alysts that were calcined at different temperatures (Acid pre-treated or un-
treated activated carbon supports were used)
H2O2 Productivity Hydrogenation
(molH2O2kgcat
-1h-1) (molH2O2kgcat
-1h-1)
2.5wt%Au-2.5wt%Pd/C 1st use 2nd use
(acid pre-treated)
Dried only at 120◦C 212 101 736
Calcined at 200◦C 180 106 617
Calcined at 300◦C 174 124 546
Calcined at 400◦C 160 160 0
(untreated)
Dried only at 120◦C 120 79 729
Calcined at 200◦C 120 105 707
Calcined at 300◦C 130 108 499
Calcined at 400◦C 110 110 120
It was previously shown1 that the non pre-treated analogue of this catalyst does
hydrogenate H2O2 when calcined at 400
◦C, and has a lower overall H2O2 synthesis
rate (110 molH2O2kgcat
-1h-1) than the acid pre-treated catalyst.1 For comparative
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purposes, the same systematic series of samples calcined at different temperatures
were prepared on non pre-treated activated carbon, and their H2O2 synthesis and
hydrogenation rates were measured (Table 5.1). Interestingly, the catalytic per-
formance of these materials are not as sensitive to the precise calcination treat-
ment as its acid pre-treated counterpart. The dried material has an activity of
130 mol H2O2 kgcat
-1h-1, whereas the catalyst calcined at 400◦C has an activity
of 110 molH2O2kgcat
-1h-1. The dried only material also retains much more activity
on subsequent use, as do the catalysts calcined at 200◦C and 300◦C. However, a
calcination temperature of 400◦C is required to retain the original activity of 110
molH2O2kgcat
-1h-1 upon subsequent re-use. The hydrogenation activity of the dried
untreated material is similar to that of the acid treated pre-treated sample up to
calcination temperatures of 300◦C. Most importantly, the hydrogenation rate of the
material calcined at 400◦C is still significant at 120 molH2O2kgcat
-1h-1 as compared
with a negligible hydrogenation rate of 0 molH2O2kgcat
-1h-1 for the corresponding
acid pre-treated material.
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5.4 Catalysts characterization
5.4.1 Characterisation of the carbon support with/without
acid pre-treatment
The TGA analyses of the untreated carbon (see Figure 5.1(a)) and the acid pre-
treated carbon (Figure 5.1(b)) show no significant differences between the supports,
as both materials show equal amounts of H2O loss (about 2.7%) over the same
temperature range.
The TPD profiles presented in Figure 5.2 for the untreated and acid pre-treated
carbon supports however do show a clear difference in surface oxygen functionality
related to the desorption of CO2. The signal at 180
◦C for the acid pre-treated
sample implies an increase in the number of surface carboxylic acid (and hence
hydroxyl) groups.171–174 The peak broadening, extending from approximately 240-
350 ◦C, suggests a further increase in the number density of carboxylic groups as the
temperature of the desorption correlates with acid strength. Minor peak features
in the same region for the untreated carbon suggest that a baseline number of
carboxylic groups exist prior to any treatment, and that the acid pre-treatment is
therefore effectively increasing the number of carboxylic acid surface groups.171,175
In both desorption profiles, an increased response is observed at temperatures in
the 400-700◦C range. This is consistent with the desorption of carboxylic anhydrides
and lactone/ether groups occurring at higher temperature. However, the desorption
events observed at 700◦C can be complicated by CO desorption, as well as desorption
of CO2 originating from the acid functional groups.
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(a) TGA of untreated C support
(b) TGA of acid pre-treated C support
Figure 5.1: Measurement of the water and functional group loss of untreated and acid
pre-treated carbons (Aldrich G60) by thermo-gravimetric analysis
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Figure 5.2: Temperature programmed desorption (TPD) profiles for acid pre-treated
and untreated C supports
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5.4.2 XPS characterization of the 2.5wt%Au-2.5wt%Pd on
a carbon support with/without acid pre-treatment
The Pd(3d) spectra for the two series of catalysts are shown in Figure 5.3(a) (un-
treated support) and Figure 5.3(b) (acid pre-treated support). Table 5.2 shows the
quantified XPS data, and in particular the molar surface [Pd]/[Au] ratios. For sam-
ples on the untreated carbon support, the [Pd]/[Au] ratio is relatively constant as a
function of calcination temperature, having a value in the range 1.0-1.4; the expe-
tected molar ratio for a nominal 2.5wt%Au-2.5wt%Pd loading is 1.8. In contrast,
catalysts supported on the acid pre-treated carbon show a significant increase in their
[Pd]/[Au] ratio with increasing calcination temperature. Since Au-Pd nanoparticles
on a carbon support tend to have a homogeneous alloy morphology, we consider
that the observed variation in [Pd]/[Au] ratio could due to changes in the relative
sizes of the Pd-rich and Au-rich nanoparticles. Table 5.2 show that the catalysts
prepared on the untreated support exhibit both Pd2+ and Pd0 species, the relative
proportions of which change little with calcination temperature. In contrast, Pd2+
species are predominant (>90%) on the catalysts prepared on the acid pre-treated
support for all calcination temperatures examined. This clearly represents an im-
portant difference between the two sets of samples, with the electronic state of the
highly dispersed Pd being modified as a direct consequence of the acid pre-treatment
of the support.
The Cl(2p) spectra for the catalysts prepared on the untreated and acid pre-
treated carbon are shown in Figures 5.4(a) and 5.4(b) respectively. In this case, the
Cl signal is a residue from the two metal precursors used to prepare the catalysts. At
first sight, the sets of Cl(2p) spectra, clearly involve more than one Cl(2p) doublet.
Closer inspection reveals that the Cl(2p) spectra from the catalysts prepared on
the untreated carbon comprise two (spin-orbit) 2p doublets, the relative intensities
of which change with calcination temperature. However, for the acid pre-treated
catalysts, 3 doublets are needed to describe the spectra (Figure 5.4(b)). For each
support type, the higher binding energy doublet (corresponding to a more ionic,
negatively charged Clx– species) dominates after calcination at 400 ◦C.
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Table 5.2: Quantified XPS data for the 2.5wt%Au-2.5wt%Pd/C catalysts, for both the
acid pre-treated and untreated C supports.
[Pd]/[Au] [Pd]+[Au]/[C] [Cl]/[C] [Pd2+]/[Pd]
2.5wt%Au-2.5wt%Pd/C (at.%) (at.%) (at.%)
(acid pre-treated)
Dried only at 120◦C 2.7 0.44 0.71 >90
Calcined at 200◦C 3.8 0.45 0.61 >90
Calcined at 300◦C 4.3 0.46 0.51 >90
Calcined at 350◦C 4.1 0.41 0.44 >90
Calcined at 400◦C 4.2 0.50 0.42 >90
(untreated)
Dried only at 120◦C 1.0 0.70 0.61 60
Calcined at 200◦C 1.1 0.66 0.51 57
Calcined at 300◦C 1.3 0.61 0.50 69
Calcined at 400◦C 1.4 0.63 0.44 68
122
(a) Untreated
(b) Acid pre-treated
Figure 5.3: Pd(3d) spectra obtained from the 2.5wt%Au-2.5wt%Pd catalysts supported
on (a)untreated and (b)acid pre-treated carbon and calcined at the temper-
atures indicated.
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(a) Untreated
(b) Acid pre-treated
Figure 5.4: Cl(2p) spectra obtained from the 2.5wt%Au-2.5wt%Pd catalysts supported
on (a)untreated and (b)acid pre-treated carbon and calcined at the temper-
atures indicated.
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5.4.3 Electron microscopy characterisation of the 2.5wt%Au-
2.5wt%Pd on carbon support with/without acid pre-
treatment
The unused catalysts were studied using TEM in order to determine the Au and Pd
distribution on the support as a function of calcination temperature. Representative
bright field TEM micrographs from acid pre-treated Au-Pd/C catalysts heat treated
at different temperatures (dried at 120◦C, calcined at 200◦C, 300◦C and 400◦C) are
shown in Figure 5.5. Occasional metallic particles >100 nm in size were found in
all samples, whilst the majority of the activated carbon support appeared devoid
of metal particles in the BF-TEM images. Energy dispersive X-ray spectra that
were acquired from the areas with and without visible particles are shown in Figure
5.6. Both Au and Pd were detected from the larger metallic particles, with the
Au signal being pre-dominant. However only a Pd signal was detected in those
support areas that were apparently devoid of metal particles. This suggested that
the Au component of the catalysts was incorporated mainly in the nanoparticles,
whereas most of the Pd existed in a highly dispersed form that cannot be visualized
using regular BF-TEM imaging. Interestingly, very little Cl signal were detected in
the EDS spectra which is a little surprising as residual Cl containing species were
detected by XPS on these samples(Table 5.2).
The distribution of particles that are >100 nm in size can be better presented and
analyzed using back-scattered electron (BSE) imaging in a SEM, as shown in Figure
5.7. Some µm-scale particles can even be found in such images. By comparing the
XEDS spectra obtained from an area that includes a big particle and the spectra
obtained from the “plain” support nearby, several interesting observations can be
made. Firstly, some Pd rich µm-scale particles can be found, suggesting that the
Pd was not as completely dispersed as implied by the BF-TEM results. Secondly,
a strong Cl signal was finally found, which was mainly associated with the finely
dispersed Pd species on the “plain” support area. This suggests the residual Cl may
not uniformly distributed which could account for the fact that it was not picked
up by TEM, when a much smaller area was surveyed by the electron beam.
125
(a) Dried only at 120◦C (b) Dried only at 120◦C
(c) Calcined at 200◦C (d) Calcined at 200◦C
Figure 5.5: (Part 1/2) Representative BF-TEM images of acid pre-treated AuPd/C cat-
alysts calcined at different temperatures: (a,b) dried only at 120◦C; (c,d)
calcined at 200◦C.
Figure 5.9 shows representative STEM-HAADF images of the acid pre-treated
2.5wt%Au-2.5wt%Pd/C catalysts that had been calcined at various temperatures.
As expected, in all the samples, highly dispersed metal species, namely sub-nm
clusters and single atoms, were found everywhere on the activated carbon support.
The knowledge gained from the previous TEM and SEM studies suggested that
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(e) Calcined at 300◦C (f) Calcined at 300◦C
(g) Calcined at 400◦C (h) Calcined at 400◦C
Figure 5.5: (Part 2/2) Representative BF-TEM images of acid pre-treated AuPd/C cat-
alysts calcined at different temperatures: (e,f) calcined at 300◦C; (g,h) cal-
cined at 400◦C.
those atomically dispersed species are mainly Pd. This point is further confirmed
by STEM-XEDS characterization of these samples performed on the aberration cor-
rected JEOL ARM200F (S)TEM equipped with the latest Centurio silican drift
detector with a large collection angle of 0.8 sr. As shown in Figure 5.8, even with
enhanced X-ray collection efficiency, no Au was detected in the atomically dispersed
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(a) Dried only at 120◦C (b) Dried only at 120◦C
(c) Calcined at 400◦C (d) Calcined at 400◦C
Figure 5.6: (Part 1/2) XEDS spectra of 2.5wt%Au-2.5wt%Pd/AWC catalysts: (a,b)
particle–dried only; (c,d) support–dried only; The white circles indicate the
area from where the XEDS spectra were acquired. The unlabeled peak Si
Kα at 1.74 keV is an artifact arising either from internal fluorescence in the
Si(Li) detector or the contamination in the microscope. Its intensity depends
on the exact conditions (e.g. live-time) used during spectrum acquisition.
species. In comparison to the sample dried at 120◦C, the population of sub-nm
clusters seemed to get progressively lower as the calcination temperature was in-
creased for this set of acid pre-treated samples. The calcination process appears
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(e) Dried only at 120◦C (f) Dried only at 120◦C
(g) Calcined at 400◦C (h) Calcined at 400◦C
Figure 5.6: (Part 2/2) XEDS spectra of 2.5wt%Au-2.5wt%Pd/AWC catalysts: (e,f) par-
ticle after being calcined at 400◦C and (g,h)support after being calcined at
400◦C: The white circles indicate the area from where the XEDS spectra
were acquired. The unlabeled peak Si Kα at 1.74keV is an artifact either
from internal fluorescence in the Si(Li) detector or the contamination in the
microscope. Its intensity depends on the exact conditions (e.g. live-time)
used during acquisition. (Part 2/2)
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(a) A Pd rich particle (b) XEDS of (a)
(c) The nearby support (d) XEDS of (d)
Figure 5.7: (Part 1/2) SEM-BSE images and XEDS spectra obtained from the acid pre-
treated 2.5wt%Au-2.5wt%Pd/C catalysts calcined at 400◦C: (a,b) A Au rich
particle; (c,d) nearby support. The red squares indicate the area from where
the XEDS spectra were acquired.
to aid in dispersing the sub-nm clusters into dispersed atomically species. This
counter-intuitive phenomenon may be explained as follows: the sub-nm clusters are
more mobile on the surface during the heat treatment compared to isolated atoms,
which are likely to be ionic in nature and bond more strongly to the support. How-
ever, the differences between the morphology of samples with different calcination
temperatures were rather subtle.
Representative STEM-HAADF images taken from the 2.5wt%Au-2.5wt%Pd/C
prepared on the untreated carbon support are shown in Figure 5.10. They appeared
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(e) A Au rich particle (f) XEDS of (e)
(g) The nearby support (h) XEDS of (f)
Figure 5.7: (Part 2/2) SEM-BSE images and XEDS spectra of acid pre-treated
2.5wt%Au-2.5wt%Pd/C catalysts calcined at 400◦C: (e,f) Pd rich particle
and (g,h) near by support. The red squares indicate the area from where
the XEDS spectra were acquired.
very similar to their corresponding acid pre-treated counterparts (Figure 5.9), in-
dicating that the acid pre-treatment does not massively affect the morphology or
distribution of the metallic species in these catalysts. A similar trend was noted
to that found for the acid pre-treated materials, in that the population density of
sub-nm Pd species decreased with increasing calcination temperature, as compared
to the sample dried at 120◦C.
As a baseline for this aberration corrected microscopy study of the highly dis-
persed species in the 2.5wt%Au-2.5wt%Pd/C samples, representative STEM-HAADF
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Figure 5.8: Representative STEM-HAADF images and the corresponding STEM-XEDS
spectra obtained from 2.5wt%Au-2.5wt%Pd supported on (a, b) acid pre-
treated carbon and (c, d) non pre-treated carbon. This study was performed
on the aberration corrected JEOL ARM200F (S)TEM operated at 100kV,
and also equipped with the latest Centurio silican drift detector with a large
collection angle of 0.8 sr. The XEDS spectra were collected by scanning a
80 pA electron beam over a 8×8 nm2 area for 300 seconds. The Al Kα and
Siα peaks are artifacts from the instrument.
images of the mono metallic 5wt%Pd/C and 5wt%Au/C catalysts calcined at 400◦C
are shown in Figures 5.11 and 5.12 respectively. In the 5wt%Pd/C sample, occa-
sional nanoparticles (Figure 5.13), and numerous sub-nm Pd clusters and isolated Pd
atoms were found in both the untreated and acid pre-treated samples, exhibiting a
similar density to those found in their bi-metallic counterparts. For the 5wt%Au/C
sample, nanoparticles (not shown) and only a small fraction of isolated Au atoms
were seen, but the number density of these isolated atomic species was much lower
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(a) Dried only at 120◦C (b) Dried only at 120◦C
(c) Calcined at 200◦C (d) Calcined at 200◦C
Figure 5.9: (Part 1/2) Representative STEM-HAADF images of the acid pre-treated
2.5wt%Au-2.5wt%Pd/C catalysts calcined at different temperatures: (a,b)
dried only at 120◦C; (c,d) calcined at 200◦C. These micrographs show two
types of highly dispersed metal species, namely sub-nm clusters (circled in
white) and isolated atoms (circled in black). The number density of sub-nm
clusters tends to decrease with increasing calcination temperature.
than that found in the 2.5wt%Au-2.5wt%Pd/C samples. We are unable to directly
determine the chemical identity of the sub-nm species and isolated atoms in the
2.5wt%Au-2.5wt%Pd/C bimetallic system using either spectroscopy (due to low
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(e) Calcined at 300◦C (f) Calcined at 300◦C
(g) Calcined at 400◦C (h) Calcined at 400◦C
Figure 5.9: (Part 2/2) Representative STEM-HAADF images of the acid pre-treated
2.5wt%Au-2.5wt%Pd/C catalysts calcined at different temperatures: (e,f)
calcined at 300◦C; (g,h) calcined at 400◦C. These micrographs show two
types of highly dispersed metal species, namely sub-nm clusters (circled in
white) and isolated atoms (circled in black). The number density of sub-nm
clusters tends to decrease with increasing calcination temperature.
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(a) Dried only at 120◦C (b) Dried only at 120◦C
(c) Calcined at 400◦C (d) Calcined at 400◦C
Figure 5.10: STEM-HAADF images of untreated 2.5wt%Au-2.5wt%Pd/C catalysts cal-
cined at different temperature. (a,b) dried only at 120◦C; (c,d) calcined
at 400◦C. Sub-nm clusters (circled in white) and isolated atoms (circled in
black) are shown in both samples. The morphologies are very similar to
their acid pretreated counterparts.
X-ray collection efficiency) or Z-contrast imaging (due to the rough nature of the
support, which leads to complicating height variations between neighbouring metal-
lic species). However, our studies on the mono metallic samples give us helpful
clues as to what is probably occurring in the bimetallic 2.5wt%Au-2.5wt%Pd/C
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system. They show that the Pd tends to be more highly dispersed using this par-
ticular impregnation route, but that there is most likely a very dilute concentration
of atomically dispersed Au atoms intermixed within the atomically dispersed Pd
species in the bimetallic system.
(a) Non pre-treated, 400◦C (b) Non pre-treated, 400◦C
(c) Acid pre-treated, 400◦C (d) Acid pre-treated, 400◦C
Figure 5.11: Representative STEM-HAADF images of the mono metallic 5wt%Pd/C
catalysts calcined at 400◦C, both untreated (a,b) and acid pre-treated (c,d).
Sub-nm Pd clusters (circled in white) and isolated Pd atoms (circled in
black) were found in the Pd/C samples.
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(a) Non pre-treated, 400◦C (b) Non pre-treated, 400◦C
(c) Acid pre-treated, 400◦C (d) Acid pre-treated, 400◦C
Figure 5.12: Representative STEM-HAADF images of the mono metallic 5wt%Au/C
catalysts calcined at 400◦C, both untreated (a,b) and acid pre-treated (c,d).
Sub-nm Au clusters (circled in white) and isolated Pd atoms (circled in
black) were found, but in a much lower number density as compared to the
bimetallic Au-Pd and monometallic Pd counterparts.
In summary the electron microscopy studies presented so far have shown that the
untreated and acid-treated 2.5wt%Au-2.5wt%Pd/C samples calcined at 400◦C con-
tain Au-rich nanoparticles and a highly dispersed coverage of atomic and cluster-like
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(a) A large Pd particle (b) XEDS of (a)
(c) The nearby support (d) XEDS of (c)
Figure 5.13: SEM BSE images and XEDS spectra of acid pre-treated 5wt%Pd/C cata-
lysts calcined at 400◦C:(a,b)A large Pd particle; (c,d)nearby support. The
red squares indicate the area from where the XEDS spectra were acquired.
Pd species, intermixed with a small amount of atomically dispersed Au. The calci-
nation treatment appears to remove the sub-nm clusters on the surface, but there
is little morphology difference between the acid pre-treated and untreated samples.
This suggests that the formation of cationic Pd observed by XPS (Table 5.2), as-
sociated with O2– or Cl–, is the most important distinguishing feature between the
acid pre-treated and untreated samples.
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5.4.4 Additional set of experiments involving reduction and
re-oxidation treatments on the catalysts
Since the oxidation state of Pd appears to be the main difference between acid
pre-treated and untreated 2.5wt%Au-2.5wt%Pd/C catalysts, a set of additional ex-
periments were carried out to further determine the effect of the Pd oxidation states
on the catalytic activity. A new catalyst prepared on the acid pre-treated carbon
support and calcined at 400◦C was selected to be the starting point. The catalytic
performance of this new material was slightly different compared to the its coun-
terpart catalyst in Table 5.1, as it showed high activity (185 molH2O2kgcat
-1h-1) but
also some residual hydrogenation activity (60 molH2O2kgcat
-1h-1). This difference
may due to a subtle un-noticed variation during the catalyst preparation process.
This starting catalyst was then subjected to a series of reduction treatments in
5%H2/Ar followed by measurement of the catalytic activity. The catalytic data
are set out in Table 5.3, with entry 1 being the starting point for this sequence of
experiments. We selected a sample with some hydrogenation activity for these ex-
periments as we wanted to determine if the hydrogenation could be either positively
or negatively influenced by a reduction treatment. Reduction of this sample (Table
5.3, entries 2∼5) shows that as the duration and temperature of the reduction step
are increased, so the production activity of H2O2 decreased and the hydrogenation
of H2O2 increased markedly. We then took the sample from entry 5 and re-oxidised
it in pure O2. After re-oxidation we observed the reverse trends on H2O2 formation
and hydrogenation. As the oxidation temperature increased the H2O2 productivity
increases but the hydrogenation activity decreases. Interestingly, the hydrogenation
activity became 0 after 200◦C oxidation treatment. If the original catalyst directly
undergo an oxidation treatment, the hydrogenation activity decreases to a very low
level of 13 molH2O2kgcat
-1h-1 (Entry 8 in Table 5.3).
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A series of STEM-HAADF images from this sequential set of reduction and
oxidation samples are shown in Figure 5.14. The starting point (Figure 5.14(a))
was the 2.5wt%Au-2.5wt%Pd catalyst supported on acid pre-treated carbon that
had been calcined at 400◦C for 3 hours, which showed predominantly atomically
dispersed Pd species intermixed with a small number of Au atoms (consistent with
that noted previously in Figures 5.9(g) and 5.9(h)). When this sample was heated
in O2 for 3 hours (Figure 5.14(b)) there was no observable change in the atomic
dispersion of Pd and Au. Conversely, when the starting sample was reduced in
5%H2/Ar for 2 hours, the majority of the atoms were found to have gathered up
into 0.5 ∼ 2.0 nm diameter metallic clusters as shown in Figure 5.14(c). Upon
re-oxidation of this reduced sample in O2 for 3 hours, the cluster morphology was
largely retained (Figure 5.14(d)), although presumably the particles were now more
oxidic in character.
The corresponding XPS spectra for this set of samples are shown in Figures
5.15 and 5.16. The Au(4f) (see Figure 5.15), Cl(2p) and O(1s) (see Figure 5.16)
spectra showed no significant changes in profile. However, quantification of the data
(see Table 5.4) shows that at a reduction temperature of 200◦C, the [Pd]/[Au] ratio
decreases dramatically from ca 3.9 to 1.3 due to an increase in the Au intensity.
Re-oxidation leads to a small increase in the [Pd]/[Au] ratio to ca. 1.6 (see Table
5.4). These effects are consistent with the activity of the catalyst and as we have
previously indicated, this [Pd]/[Au] ratio is important in controlling the formation
of H2O2, since the more Pd present on the surface, the higher the catalyst activity.
Hence Pd is the crucial component of this catalyst with respect to H2O2 synthesis.
However, as the catalysts are reduced the amount of Pd0 is expected to increase. The
Pd(3d) spectra (see Figure 5.15) were analysed to deduce the relative Pd2+ and Pd0
contents. These were obtained through curve-fitting of the Pd(3d) spectra, although
the process was complicated by the presence of the Au(4d5/2) component under the
Pd(3d) envelope. This is a particular problem here due to the significant surface
gold content for the reduced and re-oxidised samples. Strict parameter constraints
had to be used, some dependent on estimated values for the metal-oxide binding
energy shift and the magnitude of the Au(4d) spin orbit splitting. The increase
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(a) Calcined at 400◦C (b) Sample (a) after O2 treatment at
200◦C
(c) Sample (a) after reduced at 200◦C (d) Sample (c) after O2 treatment at
200◦C
Figure 5.14: STEM-HAADF images of the 2.5wt%Au-2.5wt%Pd catalysts supported
on acid pre-treated carbon with sequential reduction and oxidation. (a)
Sample calcined under standard conditions at 400◦C for 3 hours; (b) shows
sample (a) further treated in O2 at 200
◦C for 3 hours; (c) shows sample
(a) reduced in 5%H2/Ar at 200
◦C for 2 hours; and (d) shows sample (c)
re-oxidised at 200◦C in O2 for 3 hours.
in Pd0 fraction is most notable for the sample in entry 5, which show the highest
hydrogenation activity; after this sample was re-oxidised, the concentration of Pd0
142
markedly decreased as shown in Figure 5.17.
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(i) Pd(3d) spectra
(ii) Au(4f) spectra
Figure 5.15: Pd(3d), Au(4f) spectra observed for the 2.5wt%Au-2.5wt%Pd catalysts
supported on acid pre-treated carbon with sequential reduction and oxi-
dation. (a) calcined under standard conditions; (b) sample (a) reduced
in H2/Ar at 100
◦C for 1 hr; (c) sample (a) reduced in reduced in H2/Ar
at 110◦C for 2 hours; (d) sample (a) reduced in H2/Ar at 150◦C for 2
hours; (e) sample (a) reduced in H2/Ar at 200
◦C for 1 hr; (f) sample (e)
re-oxidised in O2 at 100
◦C for 3 hours and (g) sample (e) re-oxidised in O2
at 200◦C for 3 hours.
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(i) Cl(2p) spectra
(ii) O(1s) spectra
Figure 5.16: Cl(2p) and O(1s) spectra observed for the 2.5wt%Au-2.5wt%Pd catalysts
supported on acid pre-treated carbon with sequential reduction and oxi-
dation. (a) calcined under standard conditions; (b) sample (a) reduced
in H2/Ar at 100
◦C for 1 hr; (c) sample (a) reduced in reduced in H2/Ar
at 110◦C for 2 hours; (d) sample (a) reduced in H2/Ar at 150◦C for 2
hours; (e) sample (a) reduced in H2/Ar at 200
◦C for 1 hr; (f) sample (e)
re-oxidised in O2 at 100
◦C for 3 hours and (g) sample (e) re-oxidised in O2
at 200◦C for 3 hours.
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Figure 5.17: Effect of the surface Pd0 concentration on the synthesis and hydrogenation
of H2O2.
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5.5 Discussion and Summary
The main deductions from the various characterization techniques employed to study
this set of samples can be summarized as follows:
(I) The TGA and TPD analysis on the plain carbon support (both acid pre-
treated and untreated) showed that the acid pre-treatment resulted in more car-
boxylic acid surface groups.
(II) The XPS showed that the Pd on acid pre-treated carbon support was much
more ionic in nature (i.e. Pd2+) compared to the Pd on the untreated carbon sup-
port. The calcination treatment in air had smaller effect on the oxidation state of
Pd compare to oxidation treatment in pure O2.
(III) The residual Cl content decreases with the increasing calcination temper-
ature. The fine structure of the Cl(2p) peak in XPS suggests that the electronic
structure of Clx– may have changed after calcination.
(IV) The [Pd]:[Au] concentration ratio on the surface, as determined by XPS,
increases as the calcination temperature increases. This ratio for the untreated
catalysts were much lower compared to the acid pre-treated catalysts. However
after the sequential reduction the [Pd]:[Au] ratio for the treated catalyst drops to a
comparable value to that of the untreated catalysts.
One can speculate that the Au and Pd precursors saw quite different surface
environment on acid-pretreated and non-pretreated C support during the impreg-
nation process, therefore result in a different metal dispersion as suggested by XPS.
However this point could not be to confirmed using electron microscope as the
catalyst morphology under looked rather similar under microscopes for both acid
pre-treated and untreated catalysts. The complexity of the nanostructure of the
Au-Pd catalysts generated by the CIm method was clearly demonstrated by our
microscopy studies. In addition to the previously reported >100 nm particles and
1∼10 nm alloyed particles,1 we found using SEM the µm-scale large particles, most
of which were Au-rich, but a few were Pd-rich also. Furthermore, using AC-STEM,
sub-nm clusters and atomically dispersed species were also detected. Qualitatively
the number density of the sub-nm clusters was distinctively lower in the calcined
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catalysts compared to that in the dried only catalysts, but the wide particle size
distribution prevented a reliable quantitative analysis of the exact amount of each
difference species (See arguments proceeded in Chapter 4). The chemical identity of
these atomic dispersed species was not simple to determine, but clues from baseline
experiments indicated they were mainly Pd with a few Au atoms. Therefore based
on the electron microscopy information, we come to the conclusion that qualitatively
the acid pre-treatment does not distinctively affect catalyst morphology.
Another important observation from STEM is that the heat treatment in a re-
ducing atmosphere can facilitate atom agglomeration as the number density of the
sub-nm clusters significantly increased after reduction treatment. Subsequent oxi-
dization treatment at relatively low temperature (i.e. 200◦C) did not show further
agglomeration or re-dispersion. This can be correlated with the surface [Pd2+] con-
centration as during the reduction treatment, much of the Pd2+ species got reduced
and therefore interact more weakly with the surface function groups on the C, ef-
fectively make them more mobile and prone to sintering.
We will now attempt to correlate the catalytic performance measurements with
the structural characterization data. For the 2.5wt%Au-2.5wt%Pd/C (both acid
pre-treated and untreated support)the H2O2 productivity only become stable after
calcination at 400◦C. During the first usage, the H2O2 productivity usually decreases
with increasing calcination temperature; for the second usage, the H2O2 productiv-
ity increases with the calcination temperature. The hydrogenation activies also
decreases with the increasing calcination temperature. However the hydrogenation
activity can only be switched off completely using the acid pre-treated, 400◦C cal-
cined catalyst. The high hydrogenation activity seems to be associated with the
instability of the catalysts.
The effect of the Pd oxidation state in the direct synthesis of H2O2 has been
investigated and generally a greater concentration of [Pd2+] was found to improve
hydrogen selectivity.93 However at first glance in our current work, the Pd2+ seemed
not play a role in inhibiting hydrogenation/decomposition as the dried-only acid pre-
treated catalyst with >90% [Pd2+]/[Pd] has much higher hydrogenation activity
than the 400◦C calcined untreated catalyst with a 68% [Pd2+]/[Pd] ratio. However
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it should be noted that the hydrogenation activity correlates well with the catalyst
stability, as the two 400◦C calcined stable catalysts has the lowest hydrogenation
activities. The in-stability was probably caused by metal leaching, so the available
metal sites for the second usage cycle decreased. It is also possible that the leached
Pd2+ ions may catalyse the H2O2 decomposition/hydrogenation reaction homoge-
neously.176 If this is the case, the [Pd0] component on the catalysts will then be
responsible for the residual hydrogenation activity in the untreated 400◦C catalysts.
For the 400◦C calcined, 2.5wt%Au-2.5wt%Pd/C acid pre-treated catalyst, the
sequential heat treatment in a reducing atmosphere clearly re-activated the hydro-
genation reaction, and therefore the H2O2 productivity was found to decrease with
increasing reduction temperature/time. The residual hydrogenation in a 400◦C cal-
cined, 2.5wt%Au-2.5wt%Pd/C acid pre-treated catalyst can be further reduced to
zero if apply a heat treatment in a pure O2 environment.
The morphology of the reduced and reduced plus re-oxidized catalysts (Table 5.3,
entries 5 and 7) looks identical using STEM-HAADF imaging (Figure 5.14(c) and
5.14(d)). Therefore it can be inferred that it is the Pd0 component that reactivated
the hydrogenation. This experiments confirmed that the catalyst site associated
with Pd2+ was not active for the hydrogenation reaction. Notice that the hydro-
genation activities for the reduced catalysts in Table 5.3 were much lower than the
hydrogenation activities of catalysts calcined at 300◦C or lower in Table 5.1. This
is also consistent with the previous hypothesis that Pd0 on the catalyst surface only
account for part of the hydrogenation activity and the rest could come from the
leached out Pd2+ species in the solution.
In summary, the surface composition and oxidation state of Pd found by XPS
was the major difference between catalysts on the acid pre-treated and non pre-
treated carbon supports(Table 5.2). The acid pre-treatment seemed to be able to
preserve most of the Pd2+ during drying stages, while more Pd2+ became reduced
on the untreated support. This could due to the presence of electrophilic surface
acidic groups that stabilize the Pd2+ through coordination. The heat treatment in
air (or dilute O2) cannot effectively re-oxidise the Pd
0 into Pd2+. However, it does
serve to decrease the surface Cl- content and to make the catalyst became more
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stable. It is plausible that the coordinated Cl- could be replaced by O2- or OH-
groups that strongly interacted with the C support and therefore the Pd species are
harder to leach-off. It is also possible that the hydrogenation activity in the Au-
Pd/C catalysts made by CIm come from two sources: one is the sites associated with
Pd0, and the other is leach-able Pd2+ species which may function as a homogeneous
catalyst. Against these two source of hydrogenation activity, two post synthesis
treatment steps seem to be needed to ensure a complete switch off of hydrogenation:
(i) a 400◦C calcination step prevents leaching via a strengthening of the interaction
between Pd2+ with the function groups on the C; (2) An oxidization treatment in
pure O2 at 200
◦C to further oxidised the residual surface Pd0 into Pd2+.
In this chapter, acid pre-treatment of the support and the effect of various heat
treatment of producing an Au-Pd/C catalysts prepared by the CIm route were stud-
ied. Putting aside the various pre- and post- synthesis treatments, the CIm route
generated AuPd particles with a wide size range (from atoms to µm-scale particles)
and a wide composition range (from large Au-rich and Pd-rich chunks to alloyed
nanoparticles to Pd-rich sub-nm species). The microstructure of the CIm catalyst
is far from optimized. It not only wastes a large fraction of precious metal in the
µm-scale particles, but also prevented a reliable quantification of metal dispersion,
so that the identity of the most active species still remains unclear.
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Chapter 6
Gold-palladium alloy catalysts
prepared by sol immobilization
6.1 Introduction
For the past decade or two, there has been a great interest in using particles pre-
pared by colloidal routes as catalysts.177 In the case of gold, the classic method to
make Au nanoparticles was the Turkevich methods in which citrate ions are used
to reduce HAuCl4, which usually gives gold particles >20nm in size which are too
large to be catalytically active.54 The situation changed after the development of
new methods of preparing Au sols with a much smaller mean particle size, such as
the reduction of HAuCl4 solution using the tetrakis hydroxymethyl phosphonium
chloride (THPC)/NaOH system,178–180 or using NaBH4 in the presence of stabiliz-
ing agents like polyvinyl alcohol (PVA) or polyvinylpirrolidone (PVP).181,182 Porta,
Prati et al.16,45,183 demonstrated that the Au sols immobilized onto activated C and
oxide support can be very active for liquid phase oxidation reactions. The reducing
agent, stabilizing agent and the support need to be cooperatively chosen. For in-
stance, the sols protected by PVA ligands are difficult to immobilize onto supports
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like SiO2 and γ-Al2O3, whereas on carbon supports, the PVA/NaBH4 combination
provided the best particle size control and adhesion over other ligand/reductant
pairs like PVP/NaBH4 or (THPC)/NaOH.
Hutchings’ group further extended this sol immobilization (SIm) method from
monometallic Au to include the Au-Pd alloy system.46,47 They showed that Au-Pd
sols can be readily prepared by co-reduction of HAuCl4 and PdCl2 in an aqueous
solution using NaBH4 in the presence of PVA molecules. When immobilized onto
activated C or TiO2 supports, the resultant SIm catalysts were found to be supe-
rior for the direct synthesis of hydrogen peroxide and the benzyl alcohol oxidation
reactions, as compared to their counterparts prepared by CIm.
101,184 A significant
decrease of total metal loading is a particular advantage of SIm catalysts (1wt%)
over CIm (5wt%) catalysts. It was subsequently demonstrated that these catalysts
are also highly active for many other important reactions, such as the oxidation of
glycerol185 and the oxidation of toluene.21
The catalysts produced by the SIm route have been intensively characterized,
indicating that the nanoparticles produced were all alloys with tightly controlled
particle size distribution (mainly in the 1-6 nm range).21,101,184,185 The particle-
support interaction was found to play an important. For instance Au-Pd nanopar-
ticles immobilized on the activated C support were found to be more rounded in
nature, whereas nanoparticles on TiO2 crystallites were more faceted, showing bet-
ter wetting character on the surface of the support. This difference in particle
morphology has been postulated to be a possible reason behind the higher activ-
ity for the nanoparticles supported on activated C and than those on TiO2 in the
oxidation of toluene reaction.21 Stronger interaction between the nanoparticles and
TiO2 crystallites also resulted in a higher thermal stability of the catalysts over the
counterparts supported on activated carbon.48
The reduction sequence of the precursor salts in the SIm route can also be used
to tune the nanostructure of the particles: a simultaneous co-reduction leads to
random alloys, while a sequential reduction of one metal before the other leads to
core-shell structures. The catalytic activity generally follows the sequence of Au-Pd
random alloy >Au-core Pd-shell >Pd-core Au-shell.48
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The PVA ligand molecules attached to the surface of the metal particles do not
seem to adversely affect the catalytic activity in liquid phase reactions, such as the
benzyl alcohol oxidation reaction or the direct synthesis of H2O2. However in the
gaseous phase CO oxidation reaction, the PVA molecules on 1wt%Au/TiO2 blocked
the vast majority of the active sites. The removal of the ligand molecules by refluxing
the catalyst in hot water (90◦C) was shown to be an effective and simple method of
activating the catalyst.186
The stabilizing ligands in SIm materials can also be removed by calcination treat-
ments at high temperature (300◦C∼400◦C).184 For the CIm catalysts, a 400◦C cal-
cination heat treatment is known to be indispensable for making active and stable
Au-Pd catalysts. However this is not the case for the SIm route, as the activities
decreased dramatically for both benzyl alcohol oxidation reaction and the direct
synthesis of H2O2 if calcinaion temperature exceed 200
◦C. Detailed TEM/STEM
characterization revealed that the calcination at 400◦C caused significant particle
agglomeration and de-alloying separation between Au and Pd, due to the formation
of PdO.48,101,184
This chapter presents a continuation of the characterization and evaluation of
Au-Pd catalysts prepared by SIm route. In the begining we will still focus on the
C and TiO2 supported Au-Pd catalysts prepared by SIm route. The re-usability of
the SIm catalysts in the direct synthesis of H2O2 was evaluated and discussed. Then
we studied the effect of [Au]:[Pd] molar ratio on the resultant catalytic activity in
order to find the optimum composition for the SIm catalysts. The effects of various
post synthesis treatment on the SIm catalysts were also studied. In the second part,
we extended the SIm route to other oxide supports, including Nb2O5, MgO and
ZnO. The support effect on the catalytic activity in the oxidation of benzyl alcohol
reaction will be discussed. Finally we will further extend the SIm catalysts from
a Au-Pd bimetallic system to a Au-Pd-Pt trimetallic system. It will show that a
third metal component (Pt) can be effectively added into the Au-Pd nanoparticles
through the SIm route, which has a profound effect for the selectivity in the benzyl
alcohol oxidation reaction.
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6.2 Experimental details
6.2.1 Catalyst preparation
For the preparation of support Au-Pd colloidal materials, an aqueous solution of
PdCl2 (Johnson Matthey) and HAuCl4·3H2O (Johnson Matthey) of the desired
concentration were prepared. Polyvinyl alcohol (PVA) (1wt% aqueous solution,
Aldrich, MW = 10000, 80% hydrolyzed) and an aqueous solution of NaBH4 (0.1M)
were also prepared. For example, a catalyst comprising Au-Pd nanoparticles with
1wt% total metal loading on a carbon support (Aldrich G60) was prepared as follows:
To an aqueous PdCl2 and HAuCl4 solution of the desired concentration, the required
amount of a PVA solution (1wt%) was added ([PVA]/[(Au+Pd)] weight ratio is 1.2);
a freshly prepared solution of NaBH4 (0.1M,[NaBH4]/[(Au+Pd)] molar ratio is 5)
was then added to form a dark-brown sol. After 30 min of sol generation, the colloid
was immobilized by adding activated carbon (acidified at pH 1 by sulfuric acid)
under vigorous stirring conditions. The amount of support material required was
calculated so as to have a total final metal loading of 1wt% and the [Au]:[Pd] molar
ratio was varied by adjusting the relative concentrations of the metals in solution.
After 2 hrs, the slurry was filtered and the catalyst was washed thoroughly with
distilled water and dried at 120◦C for 16 hrs. The resultant catalysts were tested
for both the direct synthesis of H2O2 and the benzyl alcohol oxidation reaction as
described in §3.1.
6.3 Re-usability of 0.5wt%Au-0.5wt%Pd catalysts
prepared by sol immobilization on C or TiO2
supports in the direct synthesis of H2O2
6.3.1 Catalytic testing results
The re-usability data for the direct synthesis of H2O2 reaction for both the dried only
0.5wt%Au-0.5wt%Pd/C and 0.5wt%Au-0.5wt%Pd/TiO2 catalysts can be found in
155
Table 6.1. It is clear that both catalysts, although displaying very different initial
activities, showed an obvious decrease in productivity after the 1st usage cycle. It is
also interesting to note that for the carbon supported catalyst, the activity dropped
the most after the 2nd usage cycle, which is not the case for the TiO2 supported
catalyst where the largest drop was after the 1st usage cycle. However in terms of
the magnitude, it was the 2nd usage cycle for carbon supported material that caused
the largest depression in activity, suggesting that particle agglomeration instead of
metal leaching could be the deactivating mechanism in this particular case.
Table 6.1: The re-usability in the direct synthesis of H2O2 reaction of catalysts the dried
only 0.5wt%Au-0.5wt%Pd/C and 0.5wt%Au-0.5wt%Pd/TiO2 prepared by sol
immobilization.
H2O2 Productivity
(molH2O2kgcat
-1h-1)
Catalyst 1st use 2nd use 3rd use
0.5wt%Au-0.5wt%Pd/C 158 151 111
0.5wt%Au-0.5wt%Pd/TiO2 31 25 24
6.3.2 Catalyst characterization results
A typical SEM BSE image of a SIm 0.5wt%Au-0.5wt%Pd/TiO2 catalysts is shown
in Figure 6.1. Compared to CIm catalysts, the SIm catalysts are absolutely free
of µm scale particles, which means all the metal precursors have been effectively
incorporated into nanoparticles. A tighter control over the particle size distribution
can therefore be expected.
Figure 6.2 shows representative STEM-HAADF images of the dried only cata-
lysts 0.5wt%Au-0.5wt%Pd/C both in its fresh state and after 3 usage cycles. Before
use in the direct synthesis of H2O2 reaction, as shown in Figures 6.2(a,b), the cata-
lyst contains mainly 1∼6 nm diameter nanoparticles as expected, and the material
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displays a productivity of 158 molH2O2kgcat
-1h-1. After three usage cycles for the
direct H2O2 reaction, the particles have clearly agglomerated as shown in Figures
6.2(c,d). This inevitably causes a loss of exposed surface area and hence a decrease
of activity. Indeed this catalyst only had a productivity of 111 molH2O2kgcat
-1h-1,
which represents a drop of over 30% from the initial value. The STEM results also
suggested that the particle agglomeration of Au-Pd nanoparticles after being used
in the direct synthesis of H2O2 reaction is the underlying cause of instability.
157
F
ig
u
re
6
.1
:
R
ep
re
se
n
ta
ti
ve
S
E
M
B
S
E
im
ag
e
of
th
e
0.
5w
t%
A
u
-0
.5
w
t%
P
d
/T
iO
2
ca
ta
ly
st
p
re
p
a
re
d
b
y
so
l
im
m
o
b
il
iz
a
ti
o
n
in
w
h
ic
h
th
er
e
is
a
co
m
p
le
te
ab
se
n
ce
of
µ
m
sc
al
e
m
et
h
o
d
p
ar
ti
cl
es
.
158
(a) Fresh catalyst (b) Fresh catalyst
(c) after three usage cycles (d) after three usage cycles
Figure 6.2: Representative STEM-HAADF images of the dried only 0.5wt%Au-
0.5wt%Pd/C catalysts (a,b) before use and (c,d) after three usage cycles in
the direct synthesis of H2O2. Significant particle agglomeration was found
in samples used for three cycles, which is likely to be the main reason for
instability of the SIm catalysts in the direct synthesis of H2O2 reaction.
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6.4 The effect of [Au]:[Pd] molar ratio in 1wt%Au-
Pd sol immobilized on C or TiO2 for direct
synthesis of H2O2 and oxidation benzyl alco-
hol reactions.
6.4.1 Catalysis testing results
Most of the previous studies on Au-Pd SIm catalysts utilized a [Au]:[Pd] weight ratio
of 1:1 ([Au]:[Pd] molar ratio = 1:1.85), which is the ratio typically used for the CIm
derived catalysts. However as shown in the Chapter 5, the composition of the active
nanoparticles can vary drastically from the nominal value due to the presence of
µm-scale particles (mainly Au rich). It is therefore important to re-evaluate the
effect of [Au]:[Pd] molar ratio in these 1wt%Au-Pd sol immobilized catalysts. To
this end a systematic series of catalysts with different [Au]:[Pd] molar ratios (i.e.
1:0, 7:1, 3:1, 2:1, 1:1, 1:1.85, 1:2, 1:3, 1:7 and 0:1) supported by C or TiO2 were
prepared by SIm route and their performance for the direct synthesis of H2O2 was
evaluated and shown in Table 6.2 and Figure 6.3.
It is clear that the H2O2 productivity and the hydrogenation activity varied
significantly with alloy composition for both C and TiO2 supported materials, but
in a different fashion. For 1wt%Au-Pd/C, the productivity generally increases with
the increasing Pd content and as the hydrogenation activity. There is a broad
plateau from [Au]:[Pd] molar ratio of 1:1 to 1:7 where both the productivity and
hydrogenation stays at a relatively high level. The peak of productivity was observed
for a [Au]:[Pd] molar ratio of 1:2.
For the TiO2 supported catalysts, the hydrogenation activity exhibits a similar
trend with the [Au]:[Pd] molar ratio but with a narrower plateau, as compared to
their C supported counterparts. However, the H2O2 productivity trend looks very
different. It has two peaks at [Au]:[Pd] molar ratios of 1:1 (91 molH2O2kgcat
-1h-1)
and 1:3 (106 molH2O2kgcat
-1h-1) respectively. Both of these activities values are
considerably higher than those obtained with the [Au]:[Pd] molar ratios of 1:1.85
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(i.e. 1:1 in weight ratio) SIm catalysts investigated previously.
46 However it should
be noted that the overall productivity for the TiO2 supported catalysts are lower
than those of the C supported catalysts, but the hydrogenation activities are quite
similar. For both supports, if the samples with a [Au]:[Pd] molar ratio of 1:7 is
compared to the Pd only catalysts, it is clear that the addition of small amount
of Au into Pd significantly increases both productivity and hydrogenation activity,
indicating a definite synergistic effect between Au and Pd.
The series of carbon supported SIm catalysts were also evaluated for the benzyl
alcohol oxidation reaction under standard conditions, as are shown in Table 6.3. The
mono-metallic 1wt%Au/C material showed very little activity in terms of conversion.
Interestingly, a similar trend of the increasing conversion with increasing Pd-content
in the alloy can be observed, and also a similar plateau in the region where the
[Au]:[Pd] molar ratio spans from 1:1 to 1:7 was evidently showing a relatively similar
high values of conversion. In order to better ascertain the effect of [Au]:[Pd] molar
ratio on selectivity, the catalytic data were compared at 50% iso-conversion, as
shown in Table 6.4. The samples with [Au]:[Pd] molar ratios of 1:3 and 1:7 gave the
highest selectivity toward the desired product benzaldehyde. However, compared to
the variation in conversion, the selectivity is not particularly sensitive to the precise
[Au]:[Pd] molar ratio.
6.4.2 Catalyt characterization results
Representative BF-TEM images of SIm derived 1wt%Au-Pd catalysts supported on
C with different [Au]:[Pd] molar ratios are shown in Figure 6.4. The particle size
distributions showed some difference among samples but not much. The majority
of the particles are within 2-6 nm range, with a mean size of 3-4 nm. The Pd
only sample showed a slightly bigger mean particle size 5.7 nm. Figure 6.8 shows
representative STEM-HAADF images of the alloy particles in the samples with the
[Au]:[Pd] molar ratio of 2:1, 1:1 and 1:2. In each case, the metal particles were found
to be a random homogeneous Au-Pd alloys. If core-shell morphologies or any other
gross form of Au-Pd segregation, were present in these nanoparticles, these would
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Table 6.2: Catalytic performance in the direct synthesis of H2O2 reaction† of 1wt%Au-
Pd catalysts (different Au:Pd molar ratios) supported on C or TiO2.
C support TiO2 support
Productivity Hydrogenation Productivity Hydrogenation
Au:Pd (molH2O2kgcat
-1h-1) (molH2O2kgcat
-1h-1)
Au only 4 27 4 18
7:1 20 64 17 26
3:1 38 214 38 86
2:1 73 238 34 208
1:1 156 522 91 331
1:1.85‡ 158 546 31 384
1:2 188 617 32 436
1:3 162 650 106 677
1:7 162 683 59 813
Pd only 120 360 34 364
† Standard reaction conditions: 10 mg catalyst in 5.6g of methanol and 2.9g of
water solvent, 420 psi 5%H2/CO2 + 160 psi 25%O2/CO2, productivity calculated
after 30 mins reaction with stirring 1200 rpm at 2◦C. For hydrogenation, the
reaction condition is the same, except in the absence of 160 psi 25%O2/CO2 and
with 4wt%H2O2 in solvent.
‡1:1.85 molar ratio between Au and Pd equals 1:1 weight ratio.
have been apparent by atomic mass (Z) contrast in these HAADF images taken at
higher magnification. It is interesting to note that the Au-Pd particles remained
pseudo-spherical and did not strongly wet the activated carbon surface.
The Pd(3d) and Au(4f) X-ray photoelectron spectra for the series of catalysts
are shown in Figures 6.5 and 6.6, respectively. As expected, the Pd species are
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(a) C supported
(b) TiO2 supported
Figure 6.3: Catalytic performance in the direct synthesis of H2O2 reaction versus nom-
inal composition in 1wt%Au-Pd catalysts supported by (a) TiO2 and (b)
activated carbon support. Black • indicates H2O2 productivity values and
blue ? indicates hydrogenation activities.
mainly Pd0 (i. e. metallic) in nature as the metal salt precursors were reduced dur-
ing synthesis of the sol. In Figure 6.6, a distinct shift in the Au(4f7/2) binding
energy is observed in the composition range from [Au]:[Pd] = 1:0 (binding energy
= 84.2 eV) to [Au]:[Pd] = 1:1 (binding energy = 84.0 eV), being constant there-
after. This may reflect alloying between the Au and Pd. The quantification of
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Table 6.3: Catalytic performance in the benzyl alcohol oxidation reaction† of 1wt%Au-
Pd/C with different Au:Pd molar ratios
Selectivity (%)
p Au:Pd conv.(%) toluene benzaldehyde benzoic acid benzyl benzoate
Au only 6.6 23.9 63.9 3.1 9.0
7:1 11.6 1.9 66.3 7.2 24.5
3:1 23.3 6.0 72.5 8.6 12.9
2:1 52.0 10.9 77.5 3.5 8.1
1:1 71.1 4.0 69.8 19.9 6.3
1:1.85‡ 80.7 3.4 67 23.1 6.4
1:2 90.8 4.5 67.4 22.9 5.1
1:3 94.7 4.2 67 23.5 5.3
1:7 88.7 1.7 68.4 24.1 5.8
Pd only 59.3 6.8 74.7 10.4 8.1
† Standard reaction conditions: benzyl alcohol, 0.05g of catalyst, T=120◦C, 150 psi
O2, stirring rate 1500rpm, 6 hrs reaction.
‡1:1.85 molar ratio between Au and Pd equals 1:1 weight ratio.
the surface [Pd]:[Au] composition ratio can be measured using the intensity ratio
of Pd(3d) doublet (after removal of the overlapping Au(4d5/2) component) and the
Au(4f) doublet peaks. The experimental composition ratios are plotted against the
nominal composition ratios, as shown in Figure 6.7. The data shows a very clear
linear correlation for [Pd]:[Au] ratios up to 1:1, suggesting that the theoretical and
experimentally determined [Pd]:[Au] ratios match well up to that point. However,
as the relative molar ratios of [Pd]:[Au] was increased beyond the unity, the XPS
derived surface [Pd]:[Au] molar ratios are consistently a factor of 2˜ lower than the
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Table 6.4: Comparision of selectivity in benzyl alcohol oxidation reaction at iso-
conversion of 50% with 1wt%Au-Pd/C catalysts with different Au:Pd molar
ratios.
Selectivity (%)
Au:Pd toluene benzaldehyde benzoic acid benzyl benzoate
2:1 11.0 78.6 3.5 6.9
1:1 5.4 79.7 7.4 7.5
1:1.85‡ 4.3 81.9 6.6 7.2
1:2 7.5 83.6 3.5 5.4
1:3 6.6 85.4 2.4 5.5
1:7 1.9 85.8 5.5 5.8
Pd only 6.8 74.7 10.4 8.1
† Standard reaction conditions: benzyl alcohol, 0.05g of catalyst,
T=120◦C, 150 psi O2, stirring rate 1500rpm, 6 hrs reaction.
‡1:1.85 molar ratio between Au and Pd equals 1:1 weight ratio.
expected nominal values. This effect could in principle arise from (i) a systematic
difference in alloy composition with particle size; (ii) the presence of nanoparticles
having a Pdcore-Aushell morphology; (iii) differential deposition of Au and Pd rela-
tive to the intended composition; or (iv) preferential adsorption of smaller Pd-rich
particles deeper into the carbon structure.
The STEM-HAADF images presents in Figure 6.8 serve to rule out the possibility
(ii), as none of the particles showed any significant segregation into core-shell struc-
tures. To further investigate the issue, the 1wt%Au-Pd/C sample with a [Au]:[Pd]
molar ratio of 1:7 was investigated in more detail, and representative STEM-HAADF
images and corresponding EDS spectra are shown in Figure 6.9. From the HAADF
images there is still no hint of any core-shell structure. The characteristic X-ray
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signal from individual particles was obtained by repetitively scanning over the par-
ticle, using a probe current of ∼130 pA and typical live time of 300s. The resultant
XEDS spectra can be considered as representing the average composition of the
entire particle. By comparing the relative intensities of the Pd L line series and Au
M line series in Figures 6.9 (b), (d) and (f), a clear composition variation trend was
identified, with the smaller ∼2 nm particles tending to be Au-rich and larger ∼6
nm particles tending to be Pd rich. This observation ruled out the (iii) and (iv) and
leaves the (i) as the remaining explanation of the XPS results. The bigger particles
are consistently Pd-rich and considering the high surface sensitivity of the XPS ,
less Pd signal than expected was picked up, which results in an underestimate of
[Pd] concentration in the nanoparticles.
In order to further confirm and also determine the origin of the observed com-
position variation from the XPS, another systematic series of samples (namely,
0.5wt%Au-0.5wt%Pd original sol, C or TiO2 supported 0.5wt%Au-0.5wt%Pd cat-
alysts) were characterized by STEM-HAADF and XEDS analysis. Representative
low and high magnification HAADF images of these three samples are presented in
Figure 6.10. The Au-Pd sol sample was prepared by depositing one drop of the sol
directly onto the holey carbon TEM copper grid (SPI supplies) and allowing it to
dry. Once again, no hint of a core-shell morphology was detected in any of these
three samples. Characteristic X ray signals were collected from individual particles,
and the composition of randomly selected particles were evaluated by analysing
the intensity ratio of the Au M series versus the Pd L series X-ray peaks. The
Cliff-Lorimer k factor was estimated from a sputtered standard 60wt%Au-40wt%Pd
thin film, and absorption and fluorescence effects were ignored. The detail of this
quantification process can be found in Appendix A.
The resultant composition distribution of about 30 particles was plotted against
the particle diameter, along with the particle size distribution, as shown in Figure
6.11. From Figures 6.11(a), (c) and (e), it is clear that three samples have rather sim-
ilar particle size distribution, while AuPd/C and AuPd/TiO2 samples have slightly
more fractions for bigger particles (Figures 6.11 (g)). These are expected as they
originate from the same sol source, and a slight particle agglomeration may occur
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during the drying process after particles being immobilized onto C or TiO2 sup-
port. In terms of their composition manner, even with rather large error bars (due
to low X-ray counts), a clear size dependant composition variation can be seen in
Figures 6.11 (b), (d) and (f). In agreement with the previous findings, we see that
the larger particles are consistently Pd-rich and whereas the smaller particles are
always Au-rich. Interestingly, the composition distribution versus size plots for the
two supported samples look very similar to each other, but are slightly different
if compared to the plots of the original sol sample. The composition/size relation
in the sol is very linear, as indicated by purple trendlines in Figure 6.11 (b). But
the supported materials show more scatter in composition and have a lower appar-
ent slope in the composition/size plots. These could possibly explained by same
particle agglomeration occurring during the immobilization and drying process, as
some larger particles being sampled could be composed of several smaller sintered
particles, and therefore retain a composition with more Au. The fact that particles
on C and TiO2 behave in a similar way suggested that the composition variation is
not a direct support dependant effect.
The catalyst support identity was found to affect the catalytic activity in the
direct synthesis of H2O2, as the 1wt%Au-Pd/TiO2 with [Au]:[Pd] molar ratio 1:3
has a peak in activity which was not observed on C support. The representative
STEM-HAADF images, particle size distribution and composition/size plots are
shown in Figure 6.13 for the 1wt%Au-Pd/TiO2 with a [Au]:[Pd] molar ratio of 1:3.
Compared to the 0.5wt%Au-0.5wt%Pd/TiO2, this sample has a similar particle size
distribution (Figure 6.13(c)). In terms of particle composition (Figure 6.13(d)), al-
though a similar composition variation trend is shown, particles in this 1:3 sample
(black squares) generally have higher Pd content as expected, compared to the par-
ticles in 0.5wt%Au-0.5wt%Pd/TiO2 (blue triangles). Although there is theoretical
prediction of possible ordered Au-Pd alloy structure at certain compositions (e. g.
, [Au]:[Pd] molar ratio 3:1, 1:1 and 1:3, as shown in Figure 6.12),3 these have not
been experimentally observed in our work. Such atomic ordering has been identified
in many other bimetallic alloy systems (e.g. Pt3Ni, Pt3Co) and has been shown to
boost catalytic activity.187–189 As shown in Figure 6.13(b), a Au-Pd particle viewed
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along the [233] zone axis has a random “sparkling” appearance, indicating a random
alloy structure. At this point it is difficult to definitively comment that if there is any
ordered Au-Pd alloying structure which may be correlated with the high catalytic
activity without doing a more detailed investigation. In fact with the observed com-
position variation with particle size, it is hard to imagine that a significant fraction
of particles would have the correct composition (e. g. [Au]:[Pd] molar ratio 3:1, 1:1
and 1:3) to display any specific ordered structures.
Last but not least, we need to rule out any possibility that the observed compo-
sition/particle size variation is an artifact originating from electron beam damage
in the STEM-EDX analysis. It has been reported in the Au-Ag binary alloy system
that knock-on damage can selectively deplete Ag from the smallest particles, causing
a severe under-estimation of the Ag content in the original particles.190 Although
there has been no similar finding reported for Pd in the literature, caution is still
needed as the knock-on damage threshold for Pd is still below 200 kV,191 which is
the high voltage used in our experiments. A simple test was done by acquiring two
consecutive spectra from the same particle. As shown in Figure 6.14, the particle
chosen was about 3 nm in diameter sitting in profile on a TiO2 support is shown in
STEM-HAADF images. One image was recorded and then an XEDS spectrum was
acquired (live time 300 seconds). Immediately after this, a second STEM-HAADF
image was taken and along with second XEDS spectrum. By comparing two im-
ages, it was clear that the structure/orientation of the particle has been changed
during the long exposure of the electron beam. However the two XEDS spectra look
identical and the derived compositions are in good agreement with each other. This
experiment confirmed that sputtering damage is not significant during XEDS spec-
trum acquisition in the Au-Pd systems under the analysis conditions employed and
doesn’t affect the quantification result. Hence the observed composition/particle
size variation found in the Au-Pd system is real.
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Figure 6.4: (Part 1/2) Representative BF TEM micrographs of AuPd particles immo-
bilised on the activated carbon support, with their corresponding PSD his-
tograms: (a) Au only; (b) Au:Pd = 7:1; (c) Au:Pd = 2:1; (d) Au:Pd =
1:1;
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Figure 6.4: (Part 2/2) Representative BF TEM micrographs of AuPd particles immo-
bilised on the activated carbon support, with their corresponding PSD his-
tograms: (e) Au:Pd = 1:1.85; (f) Au:Pd = 1:2; (g) Au:Pd = 1:7; (h) Pd
only.
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Figure 6.5: Pd(3d) spectra for the molar ratio series of 1wt% Au-Pd/C catalysts. The
nominal [Au]:[Pd] molar ratios are as indicated.
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Figure 6.6: Au(4f) spectra for the molar ratio series of 1wt% Au-Pd/C catalysts. The
nominal [Au]:[Pd] molar ratios are as indicated.
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Figure 6.7: [Pd]:[Au] molar ratios (solid line) derived from XPS measurements of the
AuPd/C samples, plotted as a function of nominal [Pd]:[Au] composition
value (dotted line)
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(a) 2:1 (b) 2:1 (c) 1:1
(d) 1:1 (e) 1:2 (f) 1:2
Figure 6.8: Representative STEM-HAADF images showing Au-Pd particles with a ho-
mogeneous alloy character supported on activated carbon: (a,b) [Au]:[Pd]
molar ratio = 2:1; (c,d) [Au]:[Pd] molar ratio = 1:1; (e,f) [Au]:[Pd] molar
ratio = 1:2
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(a) (b) XEDS spectrum from (a)
(c) (d) XEDS spectrum from (c)
(e) (f) XEDS spectrum from (e)
Figure 6.9: A set of HAADF images and corresponding XEDS point spectra from par-
ticles at the low (a,b), median (c,d) and high (e,f) ends of the particle size
distribution for the Au:Pd = 1:7 sample. They demonstrate a systematic
particle size/composition variation, where the smaller particles progressively
become more Au-rich and Pd-deficient.
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Figure 6.10: Representative STEM-HAADF images of (a,b,c) 0.5wt%Au-0.5wt%Pd
original sol dried on a TEM grid, (d,e,f) dried only 0.5wt%Au-0.5wt%Pd/C
catalyst; and (g,h,i) dried only 0.5wt%Au-0.5wt%Pd/TiO2 catalyst.
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Figure 6.11: Particle size distribution and particle composition distribution of the
0.5wt%Au-0.5wt%Pd samples: (a,b) original sol; (c,d) dried only
0.5wt%Au-0.5wt%Pd/C; (e,f) dried only 0.5wt%Au-0.5wt%Pd/TiO2. The
purple trendlines in (b) represents an approximate linear composition-size
relation of the 0.5wt%Au-0.5wt%Pd sol. For comparison purpose the same
trendline was added in (d) and (f). It is clear that some of the particles
supported on the (d) activated C and (f) TiO2 scattered out of that region,
which may due to particle sintering during the catalyst preparation.
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Figure 6.12: Atomic ordering structure predicted for Au-Pd alloy system at [Au]:[Pd]
molar ratio of 3:1, 1:1 and 1:3, adapted from reference3
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(a) (b)
(c) (d)
Figure 6.13: (a, b) Representative STEM images and the corresponding (c) particle size
and (d) composition/size plots (black squares) of the 1wt%Au-Pd/TiO2
([Au]:[Pd] molar ratio 1:3). The blue triangles in the composition/size
plots are from 0.5wt%Au-0.5wt%Pd/TiO2 (Figure 6.11(f)) for comparison
purpose. The particle in (b) is viewed along the [233] zone axis, showing
random “sparkling” features which indicates random alloying between Au-
Pd.
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Figure 6.14: (a) 1st HAADF image and the corresponding XEDS spectra of one Au-Pd
particle in the 0.5wt%Au-0.5wt%Pd/TiO2 catalyst derived by SIm method;
(b) 2nd consecutive HAADF image and the corresponding XEDS spectra of
the same particle, showing that the composition quantification from XEDS
spectra was not affected by the beam damage in the current experimental
condition. The Si Kα peak at about 1.7 keV is an instrumental artifact
and Ti Kα peak at around 4.5 keV comes from the TiO2 support.
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6.5 The effect of post synthesis treatments of 1wt%
Au-Pd catalysts prepared by sol immobiliza-
tion supported on C or TiO2
6.5.1 Catalysis testing results
Calcination treatments at high temperature (e. g. 400◦C) have previously been found
to be unsuitable for SIm Au-Pd catalysts, as they can cause particle agglomeration
and de-alloying phase separation. It is however interesting to investigate the effect
of heat treatment in reducing environments on the catalytic activity. Furthermore,
the removal of the stabilizing ligands was shown to increase the activity in gaseous
phase CO oxidation reaction for mono-metallic Au SIm materials. It is therefore
also interesting to check if such a water reflux treatment can further increase the
activity of the Au-Pd SIm derived catalysts in liquid phase reactions, such as direct
synthesis of H2O2. Therefore some preliminary results were presented for 0.5wt%Au-
0.5wt%Pd/C, 0.5wt%Au-0.5wt%Pd/TiO2 and 1wt%Au-Pd/TiO2 ([Au]:[Pd] molar
ratio of 1:3) catalysts before and after various post-synthesis heat treatments. As
shown in Table 6.5, for the 0.5wt%Au-0.5wt%Pd/C catalyst, the H2O2 productivity
decreased after a water reflux treatment, while the hydrogenation activity increased
significantly. After reduction treatment in 5%H2/Ar for 3 hours, the productivity
decreased significantly, while the hydrogenation activity stayed relatively constant.
A similar trend was also observed for the 1wt%Au-Pd/TiO2 material ([Au]:[Pd] mo-
lar ratio 1:3), where after reduction the productivity dropped significantly. In sharp
contrast, for the 0.5wt%Au-0.5wt%Pd/TiO2 catalyst, the productivity increased
over 60% following rhe reduction treatment in 5% H2/Ar.
6.5.2 Catalyst characterization results
Figure 6.15 shows representative STEM-HAADF images, the corresponding par-
ticle size distribution and composition/size diagram of the reduced 0.5wt%Au-
0.5wt%Pd/TiO2 catalysts. The reduction in H2/Ar at 400
◦C did not have any
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Table 6.5: The effect of various post-synthesis heat treatments on the catalytic perfor-
mance in the direct synthesis of H2O2 for different 1wt%Au-Pd catalysts.
H2O2 Productivity Hydrogenation
Catalysts (molH2O2kgcat
-1h-1)
0.5wt%Au-0.5wt%Pd/C
Dried only at 120◦C 158 546
Dried + Refluxed † 129 829
Dried + Reduced ‡ 40 525
Dried + Refluxed + Reduced – –
0.5wt%Au-0.5wt%Pd/TiO2
Dried only at 120◦C 31 384
Dried + Refluxed † – –
Dried + Reduced ‡ 51 320
Dried + Refluxed + Reduced – –
1wt%Au-Pd/TiO2
([Au]:[Pd] molar ratio = 1:3)
Dried only at 120◦C 106 677
Dried + Refluxed † – –
Dried + Reduced ‡ 47 –
Dried + Refluxed + Reduced 62 338
† Catalysts were refluxed in hot water (90◦C) for 60 mins, following the route
described in Reference .
‡ Catalysts were reduced in 5%H2/Ar at 400◦C for 3 hrs.
noticeable effect on either the particle size distribution or the composition/size vari-
ation, and the particles remained as random alloys. Similarly, the refluxed and
reduced 1wt%Au-Pd/TiO2 with a [Au]:[Pd] molar ratio of 1:3 (Figure6.16) has a
similar particle size characteristics to its dried only counterpart in Figure 6.13.
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(a) (b)
(c) (d)
Figure 6.15: (a, b) Representative STEM images and (c) the corresponding particle
size distribution and (d) composition/size plots (black squares) of the
0.5wt%Au-0.5wt%Pd/TiO2 after reduction heat treatment. The blue tri-
angles in the composition/size plots are from 0.5wt%Au-0.5wt%Pd/TiO2
(Figure 6.11(f)) for comparison purpose.
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(a) (b)
(c)
Figure 6.16: (a, b) Representative STEM images and (c) the corresponding particle size
distribution of the 1wt%Au-Pd/TiO2 ([Au]:[Pd] molar ratio = 1:3) after
reflux and reduction heat treatment.
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6.6 The effect of the support identity of 0.5wt%Au-
0.5wt%Pd catalysts on their performance in
the selective oxidation of benzyl alcohol
6.6.1 Catalysis testing results
The different catalytic behaviour of C supported and TiO2 indicates that there can
exist a strong support effect on the SIm Au-Pd catalysts. As suggested in previous
studies, the ability of the Au-Pd nanoparticles to wet the support may play an
important role, since the non-wetting particles show a more rounded morphology and
therefore may have more kinks and high index surfaces exposed, which can be crucial
in determining the catalytic behaviour. To further investigate this issue, 0.5wt%Au-
0.5wt%Pd sols were immobilized onto five different supports (i.e. C, TiO2, Nb2O5,
ZnO and MgO) and they were evaluated in the benzyl alcohol oxidation reaction.
These 5 support were chosen because they vary different in acid-base properties,
ranging from the acidic C and Nb2O5, to neutral TiO2 and to basic MgO and ZnO.
The turn-over number of the catalyst for the disproportionation reaction (TOND),
which is responsible for the formation of toluene as the major by-product, over
different supports is presented in Figure 6.17. We found that the activity followed
the trend of C>Nb2O5>TiO2>MgO≈ZnO. For the last two support materials, the
toluene formation route was switched-off and gave more than 99% selectivity toward
desired formaldehyde product.
6.6.2 Catalyst characterization results
Representative bright field images and the corresponding particle size distribution
are shown in Figure 6.18. There is no major difference in particle sizes between the
primary Au-Pd bimetallic particles on different supports. This is to be expected as
all the metal particles were originated from the same Au-Pd sol and all samples were
subjected to the same immobilization and drying treatment at 120◦C. Although a
few particles on MgO and ZnO seemed to exhibit more coarsening after being dried
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Figure 6.17: Time profile of the TOND number calculated for the oxidation of ben-
zyl alcohol using Au-Pd catalysts supported on different material as
labelled. . 0.5wt%Au-0.5wt%Pd/C; ◦ 0.5wt%Au-0.5wt%Pd/Nb2O5; 4
0.5wt%Au-0.5wt%Pd/TiO2; • 0.5wt%Au-0.5wt%Pd/ZnO; ? 0.5wt%Au-
0.5wt%Pd/MgO.
at 120◦C as compared to other supports, this slight difference in overall particle
size distribution probably does not account for the obvious change in the rate of
disproportionation in the benzyl alcohol oxidation reaction noted among different
support materials.
Representative STEM-HAADF images of particles on all five supports are shown
in Figure 6.19. It is interesting to notice that the acid-base property of the sup-
port may have a significant impact on the particle morphology. On MgO, ZnO
supports which are basic, as well as neutral TiO2 support, the Au-Pd nanoparticles
have a tendency to wet the support as evidenced by particle flattening and sur-
face faceting, as well as the development of an extended intimate particle-support
interface. In direct contrast, no such wetting occurs on the acidic Nb2O5 and acti-
vated C supports where the Au-Pd particles retain a roughly spherical shape. This
non-wetting/wetting behavior of the particles could have something to do with the
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PVA ligands. As shown in Figure 6.20, the electron beam can effectively make a
particle undergo non-wetting to wetting transition, as after long time electron beam
exposure, Au-Pd nanoparticles can be strongly faceted. The non-wetting behaviour
can be better viewed in lower magnification images (Figure 6.20 (e, f)) as it uses
lower electron dose. It is plausible that because the electron beam damaged/de-
composed the PVA ligands so the particles can intimately touch the support. From
this we infer that the PVA ligands may be less stable on basic support compared
to acidic support, therefore particles show better wetting behavior on basic support
materials.
The acid-basic property of the support and the morphology of the nanoparticles
correlate well with the disproportionation activity, which was found to be switched
off using the faceted nanoparticles on the basic supports (i. e. MgO and ZnO). This
suggested that the active sites for disproportionation reaction of benzyl alcohol are
likely to be associated with features which are unique in the more spherical particles,
such as high index surfaces, kinks and etc. If the catalysts supported on MgO and
ZnO are compared to the catalysts supported on TiO2, where particles also showed
strong faceting, it can be deduced that the basicity nature of the MgO and ZnO
support have also played an role in switching off disproportionation, probably via
prohibiting the formation of the intermediates. This latter point needs further
investigation.
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Figure 6.20: Representative STEM images of Au-Pd particles supported on Nb2O5. Im-
ages (a) and (b) are sequentially acquired of a same particle. It shows that
the electron irradiation make the particle undergo a transition from (a)
non-wetting to (b) wetting the surface. Images (c) and (d) are another
two particles that had been exposed to electron beam for about 1 minute
are wetting the surface and showing strong faceting morphology. Lower
magnification (e) STEM-BF and (f) STEM-HAADF generate less electron
induced transition due to lower electron dose, therefore spherical particles
non wet the surface can be seen better.
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6.7 The catalytic performance of the trimetallic
1wt%Au-Pd-Pt/C catalysts prepared by sol
immobilization for benzyl alcohol oxidation
6.7.1 Catalysis testing results
We have attempted to extend the SIm technique from the bimetallic Au-Pd system
to the trimetallic Au-Pd-Pt system. The resultant 1wt%Au-Pd-Pt/C catalysts were
evaluated using the solvent-free oxidation of benzyl alcohol and the results are shown
in Tables 6.6 and 6.7. Initially, the mono-metallic Pt and bimetallic Au-Pt and Pd-
Pt catalysts were synthesised and their selectivity towards toluene were found to be
below 1%, even though the conversion of benzyl alcohol was maintained at a low
level. Taking into account the fact that Au-Pd/C catalysts have previously shown
high activity in this reaction, we postulated that it may be possible to maintain
high activity while simultaneously keeping the selectivity to undesired toluene at
a very low level by incorporating Pt into the Au-Pd system. Hence a systematic
series of trimetallic Au-Pd-Pt supported nanoparticles were synthesised with the fol-
lowing [Au]:[Pd]:[Pt] weight ratios: 0.3:0.4:0.3, 0.4:0.4:0.2 and 0.45:0.45:0.1. These
nanoparticles were then immobilized onto an activated C support to form the final
SIm catalysts. As expected, as shown in Table 6.6 the conversion increased signifi-
cantly compared to the mono- and bimetallic Pt catalysts, although it was still lower
than the bimetallic Au-Pd catalysts. However more importantly, the selectivity of
the trimetallic catalysts to toluene production remained below 1%. In particular,
for the 0.45wt%Au-0.45wt%Pd-0.1wt%Pt/C catalyst, the toluene formation is al-
most completely switched off and the conversion reaches a moderate level which is
comparable to that achieved with the mono-metallic Pd catalyst. When compared
at the iso-conversion (Table 6.7), the trimetallic Au-Pd-Pt catalysts, especially the
0.45wt%Au-0.45wt%Pd-0.1wt%Pt/C catalyst, still showed the highest selectivity
toward benzaldehyde and lowest selectivity toward toluene.
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6.7.2 Catalyt characterization results
Figure 6.21 shows low magnification HAADF images and the corresponding parti-
cle size distribution of all the catalysts examined (except 0.5wt%Au-0.5wt%Pd/C,
which has been shown in Figures 6.10 and 6.11). It is clear that Pt-only and Pt-Pd
catalysts showed larger mean particle sizes (∼3 nm) due to particle agglomeration.
The Au-containing catalysts all showed smaller mean sizes (∼2 nm) and rather
similar particle size distributions to each other.
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A more detailed analysis of the best performing catalyst, namely the 0.45wt%Au-
0.45wt%Pd-0.1wt%Pt/C sample, can be found in Figure 6.22. STEM-HAADF im-
ages of individual particles at the lower, middle and upper end of the particle size
distribution, and their corresponding XEDS spectra are shown in Figure 6.22. From
these HAADF images we can deduce that the particles do not exhibit any Pd segre-
gation, which would show up as an obvious contrast difference. However the HAADF
imaging is unable to tell how the small amount of Pt is distributed in the Au-Pt
and Au-Pd-Pt samples, due to the close proximity of atomic number of Pt(78) and
Au(79). The XEDS spectra from individual particles confirmed that they contained
all three elements. If the intensity of the overlapping Au/Pt M lines compared with
the Pd L lines, there is once again a clear systematic composition/particle size cor-
relation, where the larger particles are consistently Pd rich and smaller particles are
Pd-deficient. Interestingly, the particle size seems not to affect the relative amount
of Au to Pt, as the relative intensities from Pt Lα and Au Lα are similar for particles
irrespective of their size.
To further explore this effect, two bimetallic catalysts, 0.5wt%Pd-0.5wt%Pt/C
(Figure 6.23) and 0.5wt%Au-0.5wt%Pt/C (Figure 6.24), were characterized in a
similar manner. The particles in Pd-Pt sample has a random alloy morphology and
a similar composition variation fashion, with the smaller particles to be Pd deficient
and bigger particles to be Pd rich. The differences of Pt composition among particles
in the Au-Pt sample are more subtle, due to the lower counts obtained from the
Au/Pt L lines compared to their M lines. But it is clear that the compositional
difference is much less obvious than the case of Au-Pd and Pt-Pd.
Due to the lack of suitable Pt standard sample, the quantification in this in-
stance was performed by calculating appropriate Cliff-Lorimer k factor as described
in Appendix A. The absolute value of k factor is not very important in this par-
ticular case, because the majority of the error comes from the low counts of the
characteristic X-rays generated in nanoparticles and we are most interested to see
if there exist any systematic size dependent composition variation. The resultant
composition/size plots derived from such XEDS spectra is shown in Figure 6.25.
The Au-Pt particle composition is randomly scattered around the nominal 50 wt%
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(a) (b) XEDS spectrum from (a)
(c) (d) XEDS spectrum from (b)
(e) (f) XEDS spectrum from (c)
Figure 6.22: A set of HAADF images and corresponding XEDS point spectra from par-
ticles at the low (a,b), median (c,d) and high (e,f) ends of the particle size
distribution for the dried only 0.45wt%Au-0.45wt%Pd-0.1wt%Pt/C sam-
ple.
dash line, indicating that for this Au-Pt bimetallic system there is no systematic
variation with size. However this result needs to be treated with some degree of
caution due to the relatively large error bars caused by the intrinsically low number
197
of X-ray counts.
(a) (b) XEDS spectrum from particle (a)
(c) (d) XEDS spectrum from particle (b)
(e) (f) XEDS spectrum from particle (c)
Figure 6.23: A set of HAADF images and corresponding XEDS point spectra from par-
ticles at the low (a,b), median (c,d) and high (e,f) ends of the particle size
distribution for the dried only 0.5wt%Pd-0.5wt%Pt/C sample.
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(a) (b) XEDS spectrum from particle (a)
(c) (d) XEDS spectrum from particle (b)
(e) (f) XEDS spectrum from particle (c)
Figure 6.24: A set of HAADF images and corresponding XEDS point spectra from par-
ticles at the low (a,b), median (c,d) and high (e,f) ends of the particle size
distribution for the dried only 0.5wt%Au-0.5wt%Pt/C sample.
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Figure 6.25: Composition/size plots of the 0.5wt%Au-0.5wt%Pt/C sample
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6.8 Discussion and summary
The sol-immobilization (SIm) method has been proved to be very effective way for
preparing active Au-Pd catalysts. Extensive characterization was shown that the
co-reduction of HAuCl4 and PdCl2 in the aqueous solution with the presence of
PVA molecules can produce homogeneous alloyed Au-Pd particles, predominantly
1∼6 nm size, in which the metals are all reduced to the metallic state. The work
contained in this chapter has increased our understanding of the materials produced
by this method into a newer level, in terms of their nanostructure, composition and
catalytic performance.
Our most important new finding is the existence of a systematic composition
variation with particle size in the Au-Pd nanoparticles, with the larger particles
being Pd rich and the smaller ones being Pd deficient. Therefore, although the
nominal [Au]:[Pd] molar ratio was varied in the same experiments in order to find
the optimum composition, the resultant catalytic performance was still determined
by particles exhibiting a wide range of composition, which may be deeply varying ac-
tivity levels. Using a nominal 0.5wt%Au-0.5wt%Pd catalysts as an example (Figure
6.11), the actual Pd content can range from roughly 30wt% to 80wt%, depending
on the particle dimension.
Nevertheless, the catalytic activity was found to vary significantly with the nom-
inal [Au]:[Pd] molar ratio of the nanoparticles (Figure 6.3). Two series of SIm Au-
Pd catalysts were prepared on C and TiO2 support with systematically changing
[Au]:[Pd] molar ratios. The hydrogenation activity in the direct synthesis of hydro-
gen peroxide reaction increases with the increasing nominal Pd-content and followed
a similar trend for the two sample series. Furthermore the hydrogenation activity of
the SIm catalysts are generally much higher than the activity of the corresponding
CIm Au-Pd catalysts discussed in Chapter 5. This observation agrees with numerous
previous studies showing that Pd(0) are mainly responsible for the hydrogenation
of H2O2,
93 as Pd in the SIm catalysts is completely reduced to its metallic state.
However the H2O2 productivity varied in different ways depending on whetehr
C or TiO2 was used as a support, which is another key finding in this study. The
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productivity for the C supported series followed the same general trend with the hy-
drogenation activity, in which a greater Pd content leads to a better performance.
The activity plots in Figure 6.3(a) also has a wide plateau, where the activity re-
mains at high level when the nominal [Au]:[Pd] molar ratio is kept between 1:1
and 1:7. In sharp contrast, the series of TiO2 supported catalysts has two obvious
activity peaks at [Au]:[Pd] molar ratio of 1:1 and 1:3 (or in another word, it has
an activity valley (minima) around Au]:[Pd] molar ratio of 1:2 and 1:1.85). The
STEM characterization (Figures 6.10 and 6.11) showing that there is no noticeable
difference in particle size and composition distribution between the C supported
and TiO2 supported catalysts. This difference in catalytic activity trend could then
be due to the different morphology of the Au-Pd nanoparticles on C and TiO2, as
suggested previously.21 The alloy particles tend to wet the TiO2 surface more than
the C support. The particles on C are more rounded whereas particles on TiO2 are
more faceted and show a better degree of particle/support interaction.
It was highly likely that the final catalytic performance is a weighted average not
only of the acivities from particles with different composition, but also of the activ-
ities of different exposed crystal facets due to different particle morphologies. The
TiO2 supported materials have an overall lower productivity but a similar hydro-
genation activity. This could mean that the sites active for hydrogenation are less
sensitive to the particle morphology than the sites responsible for H2O2 formation.
The reason why samples with [Au]:[Pd] molar ratios 1:2 and 1:1.85 on TiO2 gave low
activities is not clear at this moment, as it is difficult to isolate the compositional
and structural parameters from each other.
The identity of the support used in the SIm method mainly influence the particle
morphology through different wetting behaviors. The support effect was investigated
using the benzyl alcohol oxidation reaction. Five different support materials were
used to support the same number of Au-Pd particles with a nominal [Au]:[Pd]
weight ratio of 1:1. It was found that both the basicity of the support and the
particle morphology played important roles in determining the selectivity toward
toluene (or activity for the disproportionation reaction). Only when faceted Au-Pd
particles supported on MgO or ZnO support (strong basicity), the toluene formation
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can be completely switched off, which is highly desired in the oxidation of benzyl
alcohol oxidation.
Toluene formation in the oxidation of benzyl alcohol reaction can be also switched
off by incorporating a third element (Pt) into the Au-Pd system using the SIm
preparation route. The particle composition distributions of the trimetallic parti-
cles showed a similar composition variation with respect to the Pd component with
larger particles being Pd-rich and smaller ones being Pd-deficient. A similar par-
ticle composition/size trend was also obtained for the Pd-Pt bimetallic system. In
contrast, the [Au]:[Pt] ratio in the Au-Pt system are more consistent from particle
to particle irrespective of their size. The latter needs to be treated with some degree
of caution as the X-ray counts present the Au and Pt Lα are intrinsically lower than
those in the Au or Pt M series peaks used to determin the [Au]:[Pd] or [Pt]:[Pd]
ratios in the other binary systems.
The origin of the observed size-dependant particle composition variation in SIm
materials is of considerable interest. Composition heterogeneity from particle to
particle is a more general problem in any alloy nanoparticle synthesis process, but
is rarely addressed in the literature.192–195 Alloyeau et al.136 reported a composition
variation in Pt-Co nanoparticles on the surface of the carbon film after annealing
at high temperature (>650◦C), which was found to be driven by different Ostwald
ripening rate of two alloy components on the support. However this is unlikely
the case here for several reasons. Firstly the samples were only dried at relatively
low temperature (room temperature drying for the Au-Pd sol on the carbon film
and 120◦C drying for the supported catalysts). Secondly there is no support effect
observed among flat C film, activated C support and TiO2 support, which would be
expected if the Ostwald ripening was occuring across the support surface.
Another hypothesis is that the PVA ligands may have different protective powers
on Au, Pd and Pt nanoparticles by virtue of different metal-ligand bond strengths.
If, for instance the Pd was the least protected, then Pd-rich particles might be ex-
pected to agglomerate more easily to form larger particles. However this hypothesis
contradicts with the fact that monometallic Pt/C (Figure 6.21(e)) has an obvious
higher tendency to agglomerate than monometallic Pd/C (Figure 6.4(h)), but we
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still see a similar Pd composition variation trend in the Pt-Pd binary system.
Therefore this phenomenon is likely to be intrinsic to the sol synthesis process.
The co-reduction of multiple metal precusors in the aqueous solution can be de-
scribed by the classic La Mer model,196 as shown in Figure 6.26. The whole process
can be roughly divided into four periods, namely (i) homogeneous nucleation, (ii)
growth from solution, (iii) Ostwald ripening in the solution and finally (iv) the sat-
uration state. The nucleation step will be primarily controlled by the reduction
rate, which can be related to the concentration of the metal cations, the nature of
the reducing agent and the standard reduction potential of the precursor ions, only
the latter of which varies from metal to metal in our case. The standard reduction
potentials197 of the Au(3+), Pt(2+) and Pd(2+) are 1.498 V, 1.18 V and 0.951
V, and for the complex ions AuCl4(-), PtCl6(2-) and PdCl4(2-) are 1.002 V, 0.755
and 0.591 V. In principle, the more positive this reduction potential is, the easier
it is for the metal salt get reduced, which facilitate rapid nucleation. Therefore
thermal dynamically the three metals in question should follow the sequence of Au
>Pt >Pd for ease of reduction. However homogeneous alloys structures were still
generated by simultaneous co-reduction instead of core-shell morphologies, which
can be obtained by intentional sequential reduction.48 It is also interesting to notice
that the composition/particle size variation only occur if Pd is involved, as no sys-
tematic composition variation was detected in Au-Pt system, despite the fact that
the reduction potential of Au and Pt ions are different (see Figure 6.24).
It is therefore more likely that the composition/particle size variation arises
from kinetic procedures involved in the later particle growth and Ostwald ripening
steps. It is probable that the selective Ostwald ripening process as described in the
Pt-Co system,136 might happen readily in the aqueous phase in the current case.
To confirm and overcome this, we would need to have more careful control of the
kinetic parameters during the synthesis (e. g. the concentration of precursors after
nucleation, the ageing time for the sol and temperature etc.), which is beyond the
scope of the current work.
In summary, the SIm derived catalysts exhibit superior performance towards the
direct synthesis of H2O2 and solvent free benzyl alcohol oxidation reactions. The
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Figure 6.26: Schematic diagram depicting the stages of nucleation and growth for the
preparation of monodisperse nanoparticles in the framework of the La Mer
model. Adapted from Reference196
particle sizes of the Au-Pd and Au-Pd-Pt nano alloys can be tightly controlled to
be within the 1 to 6 nm range. However the SIm method offers limited control over
the composition from particle to particle. Although all particles are alloyed, a clear
composition variation was observed both in Au-Pd and Au-Pd-Pt systems by STEM-
XEDS studies. Larger particles tend to be Pd-rich whereas smaller particles tend
to be Pd-deficient. This composition variation was found intrinsic to the particle
synthesis process, and is opposite to the trend always found in CIm materials.
Another problem with SIm catalysts is that their activity is not stable for the
direct synthesis of H2O2 reaction. The harsh reaction conditions may strip off the
protective ligands and therefore cause the particle to agglomerate. In addition,
there exists the possibility for metal leaching. In the CIm catalysts discussed in the
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previous chapter, these stability problems can be solved by calcination treatments
at 400◦C. Unfortunately, such calcination treatment at high temperature was found
to be highly detrimental for the SIm catalysts, causing particle agglomeration and
hence drop in activities.101 As an alternative, reduction in H2/Ar at 400
◦C and reflux
treatments were found in this work to have negligible effects on the composition and
size distribution of the particles, but do have the potential to increase the stability
of the particles. A low temperature oxidation treatment that can effectively convert
Pd(0) into Pd(2+) in the CIm catalysts as described in the Chapter 5, may also
be applied to the SIm in order to decrease the hydrogenation activity, which is
intrinsically high for the SIm catalysts.
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Chapter 7
Gold palladium catalysts prepared
by modified impregnation
Supported Au-Pd nanoparticles show excellent promise as catalysts for many in-
dustrially important reactions. From previous chapters, it is clear that particle size,
composition and morphology can all have an important impact on the final catalytic
performance. The method of synthesis of these bimetallic catalysts is therefore cru-
cial in determining there physical characteristics.
Both the conventional impregnation (CIm) and sol immobilization (SIm) methods
that have been discussed in Chapters 5 and 6 respectively, were found to have
some limitations. Taking the AuPd/TiO2 system as an example: the CIm method
after calcination at 400◦C generates alloy particles with a Au-rich core Pd-rich shell
morphology, together with lots of 2nm Pd-rich species anchored on the TiO2 support,
as well as occasional large Au-rich particles ( 10 nm). In contrast, the SIm method
can produce random alloy nanoparticles with a narrow size distribution (in the 1 to
6 nm range) by reducing Au and Pd simultaneously in the presence of a suitable
stabilizing ligand (e.g. PVA). Even though the SIm method seems at first glance to
be superior as compared to CIm, it is difficult to scale-up and thus is not currently
being considered for industrial applications. Furthermore, catalysts prepared by the
SIm route who show significant particle size - composition variations, which suggests
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that SIm provides only a limited control over the particle composition. Therefore an
alternative catalyst synthesis method is required which can overcome those various
limitations. This chapter will introduce the newly developed modified impregnation
(MIm) method, in which excess Cl
- anions are employed along with a reducing heat
treatment. This method is as versatile and simple as the CIm method, but results
in catalysts which is more active as those made by SIm. Furthermore, we will show
that the MIm route offers excellent control over both particle size distribution and
composition.
7.1 The modified impregnation (MIm) strategy
Since hydrogen tetrachloroaurate (HAuCl4) and palladium chloride (PdCl2) are the
two major precursors for making Au and Pd catalysts, the effect of using chlorine
anions during the catalyst preparation remains a hot research topic for the wet
chemical synthesis of those catalysts. In general, Cl− has been considered to be
deleterious for two main reasons.80,198–201 On one hand, Cl− tend to facilitate the
agglomeration of Au particles during heat treatment so that they become too large
to be active. Haruta et al.11 suggested that this could be due to a weak interaction
between the HAuCl4 crystal and the support. Similarly, Ivanova et al.
198 proposed
that the Au-Cl bridging bands are mobile on the surface during calcination, and
removal of Cl via hydrolysis will result in a better catalyst due to a stronger inter-
action between the [AuClx(OH)4-x]
- complex and the support. On the other hand,
halide anions can be adsorbed by metal particles and therefore block potential cat-
alytically active sites. A negative correlation between Cl content in the Au catalysts
with their catalytic activity for CO oxidation reaction were reported.202,203 The neg-
ative impact was attributed to the adsorption of Cl− anions onto the edge/corner
Au atoms — ones that are essential to the catalysis! Bert et al.204 has studied the
effect of Br anions and reached a similar conclusion. For supported Pd catalyst,
Roth et al.205 found that residual Cl- from precursor salts would also tend to block
active sites and deactivate the catalyst for the methane oxidation reaction.
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Against this somewhat negative background, the Cl- could conceivably have some
positive effects. For instance, Cl- can be added to assist in dissolving the PdCl2 salt,
which is not particularly soluble in water, through the formation of tetrachloropal-
ladate (PdCl4
-) anion.206 Pru¨ße’s group207,208 have recently developed an incipient
wetness impregnation technique for preparing Au/Al2O3 catalysts using excess Cl
−
anions, and they found that adding 2M excess HCl into the HAuCl4 solution made
the most active catalyst, if heat treated in a reducing atmosphere. AuCl-4 ions
seemed to give an even better particle dispersion (1∼2 nm) than that obtained
using [AuClx(OH)4-x]
- complexes during deposition precipitation and consequently
resulted in the highest activity for glucose oxidation reaction. This significant finding
not only suggested that the previously known “Cl- poison” effect can be controlled
by subsequent heat treatment in a reducing atmosphere, but more importantly, it
also shed light on a possible way to improve dispersion and control alloy composition
of Au-Pd bimetallic catalysts by utilizing excess Cl- in the preparation route.
Following this idea, the MIm technique described here is a modification of the CIm
method in which excess Cl- is intentionally added into the preparation solution and
the final calcination step is replaced with a heat treatment in a reducing atmosphere.
We show later that for direct synthesis of H2O2 reaction, the catalysts prepared by
the MIm route have the best catalytic activity as well as durability, as compared to
the ones prepared using CIm or SIm.
A thorough catalyst characterization has been carried out to investigate the
reason why MIm materials show improved performance. MIm catalysts and CIm
catalysts were compared in some detail, in three different states, viz. (i)dried only,
(ii)calcined and (iii)reduced, so that the effect of the reducing treatment can be
isolated. In addition alternative Pd precursors (i.e. PdCl2, Na2PdCl4 and PdBr2)
and alternative sources of anions (i.e. HCl and NaCl) were tested to understand the
effects of the H+ and Cl- species. Later, the effects of Cl concentration and optimum
reduction treatment parameters were studied. All of the above analysis were done on
a 0.5wt%Au-0.5wt%Pd/TiO2 type catalyst. Finally the MIm technique was tested
on a variety of other support materials and all showed superior performance as
compared to their CIm counterparts. It will become clear that by using the MIm
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route, both particle size and composition can be better controlled and it is the
desirable nano-structure that leads to a better catalytic performance.
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7.2 Experimental details
7.2.1 Catalyst preparation
All AuPd catalysts in this study employed 0.5wt%Au-0.5wt%Pd as a nominal load-
ing so that catalysts prepared by different methods could be compared. CIm and SIm
catalysts were prepared the same way as described in §5.2.1 and §6.2.1 respectively.
The CIm catalysts were investigated at the dried only, reduced and calcined stages,
whereas only SIm dried only catalyst was compared to the MIm materials. Note that
the CIm catalyst will sometimes be described as MIm(0M HCl), which will be useful
when considering the effect of Cl concentration on catalyst microstructure.
For the MIm catalysts, HAuCl4·3H2O (Sigma Aldrich) was used as a gold precur-
sor and was dissolved in deionised water to form a solution with a gold concentration
of 8.9 mg/ml. The PdCl2 (Sigma Aldrich) salt was dissolved in a 0.58M aqueous HCl
solution (concentrated HCl, diluted using the requisite amount of deionised water)
with gentle warming and vigorous stirring to form a solution with a Pd concentra-
tion of 6 mg/ml. This solution was cooled and used as the palladium precursor. In
a typical synthesis run, the requisite amount of gold solution and palladium solution
were charged into a clean 50 ml round bottom flask containing a magnetic stirrer
bar. The volume of the solution was was adjusted using deionised water to a total
volume of 16 ml. The flask was then immersed into an oil bath sitting on a magnetic
hot plate. The solution was stirred vigorously at 1000 rpm and the temperature of
the oil bath was raised from 27◦C to 60◦C over a period of 10 min. At 60◦C, 1.98g
of the TiO2(Degussa Evonik P25) support material was added slowly over a period
of 8∼10 min with constant stirring. After completion of addition of the support
material, the slurry was stirred at 60◦C for an additional 15 min. Following this,
the temperature of the oil bath was raised to 95◦C and the slurry was stirred at
that temperature for a further 16 hours until all the water evaporated leaving a dry
solid. Subsequently the solid powder was transferred into a mortar and pestle and
was ground thoroughly to form a uniform mixture. This was stored and designated
as the “MIm(0.58M HCl) dried only” catalyst. 400 mg of this dried only sample was
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transferred and spread out over a glass boat (30 cm in length). This boat was then
put inside a furnace fitted with an inlet and outlet valve. The temperature of the
furnace was raised from 30◦C to 400◦C at a heating rate of 10K/min under a steady
flow of 5%H2 in Ar. The sample was reduced at 400
◦C for 4 hours under a steady
flow of 5%H2 in Ar. Finally the furnace was cooled and this is the “MIm(0.58M HCl)
reduced” catalyst. Similarly, the “MIm(0.58M HCl) calcined” catalyst was prepared
by heat treating the MIm(0.58M HCl) dried only catalyst in static air, at 400
◦C for
3 hours.
The resultant catalysts were tested for both the direct synthesis of H2O2 and the
benzyl alcohol oxidation reaction as described in §3.1. Selected samples were char-
acterized by AC-STEM through HAADF/BF imaging and STEM-XEDS analysis
to study the metal dispersion, particle morphology and composition distribution.
Surface composition and oxidation states were probed using XPS. Elemental anal-
ysis was done by using either ICP-AES or AAS. The detail of sample preparation
and analysis on each of these methods has been described in §3.2.
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7.3 Catalytic performance of MIm materials
7.3.1 Catalytic performance of MIm catalysts for the direct
synthesis of H2O2
Originally, a higher loading of 2.5wt%Au-2.5wt%Pd was chosen for CIm catalysts
as a “standard material”. Here in order to compare MIm, CIm and SIm fairly, an
uniform nominal composition of 0.5wt%Au-0.5wt%Pd/TiO2 was used irrespective
of the preparation route. Table 7.1 shows the performance of catalysts made by the
different methods in direct synthesis of H2O2 reaction.
From Table 7.1 we can see that only the MIm(0.58M HCl) reduced catalyst
provides the ideal combination of high activity (99 molH2O2kgcat
-1h-1 in H2O2 pro-
ductivity) and durability (i.e. maintains the same activity after 3 usage cycles). In
contrast, the CIm calcined catalyst only gave a steady 23 molH2O2kgcat
-1h-1 productiv-
ity. The SIm catalyst has a higher 32 molH2O2kgcat
-1h-1 activity than CIm materials,
but it dropped significantly after every usage cycle. Interestingly, both the CIm and
MIm(0.58M HCl) dried only catalysts have very high initial productivity (118 and
96 mol molH2O2kgcat
-1h-1 respectively) for the first use. However such high activity
levels are not stable and dropped quickly to a lower level (24 molH2O2kgcat
-1h-1 for
MIm(0.58M HCl) when used for the third time).
In addition, a pair of mono-metallic catalysts of Au and Pd, namely 1wt%Au/TiO2
and 1wt%Pd/TiO2 were prepared via MIm(0.58M HCl) method and reduced at
400◦C. They gave H2O2 productivities of 8 and 73 molH2O2kgcat
-1h-1 respectively.
Therefore there is clearly a very clear “synergistic” effect displayed by the MIm
(0.58M HCl) reduced catalyst.
The reduction treatment clearly has played a role in both activating and stabilizes
the MIm catalyst.This also held true for CIm materials, in that when the dried only
CIm catalyst was reduced at 400
◦C, it was found to be superior to the CIm material
calcined at 400◦C (i.e. 68 versus 23 molH2O2kgcat
-1h-1 productivity). Nevertheless,
the MIm(0.58M HCl) reduced catalyst, is still about 50% better in terms of H2O2
productivity as the CIm reduced catalyst.
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Table 7.1: Performance in the direct synthesis of H2O2 reaction of catalysts made by
different CIm, SIm and MIm
H2O2 Productivity Hydrogenation
(molH2O2kgcat
-1h-1) (molH2O2kgcat
-1h-1)
Catalysts † 1st use 2nd use 3rd use
CIm dried only 118 – – 226
CIm calcined 23 23 23 54
CIm reduced 68 – – 288
MIm(0.58M HCl) dried only 96 37 24 131
MIm(0.58M HCl) calcined 37 – – 102
MIm(0.58M HCl) reduced 99 99 99 230
SIm dried only 31 25 24 384
MIm(0.58M NaCl) reduced 154 120 89 345
1wt%Au/TiO2 ‡ 8 – – 42
1wt%Pd/TiO2 ‡ 73 – – 339
†CIm, MIm and SIm catalysts are all 0.5wt%Au-0.5wt%Pd/TiO2 catalysts.
‡Monometallic catalysts are made by MIm(0.58M NaCl) routes followed by reduction,
from either HAuCl4·3H2O or PdCl2 precursors.
To investigate the role of Cl− anions, an equimolar aqueous NaCl solution was
used to replace the HCl and the resultant catalyst was labelled as “MIm(0.58M NaCl)
reduced”. This catalyst displayed an initial productivity of 154 molH2O2kgcat
-1h-1.
Unfortunately this very high activity level was not maintained after 1 usage and
dropped to 89 molH2O2kgcat
-1h-1 in the third usage cycle, although this is still a very
high value compared to the CIm and SIm catalysts. It seems that Cl
− anions are
somehow repsonsible for enhancing the catalysts’ performance.
Then the next question to answer is precisely how much Cl is needed. To ad-
dress this, a series of MIm catalysts prepared using a range of HCl concentrations
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(i.e. 0.1M, 0.58M, 1M and 2M) were prepared. The baseline 0.1M HCl is the mini-
mum Cl− anion concentration needed to make PdCl4- for a 6 mg Pd/ml precursor
solution. The 0.58M, 1M and 2M HCl concentrations were chosen to provide excess
Cl− anions with 5×, 10× and 20× baseline dose. Their catalytic activities can be
seen in Table 7.1 and Figure 7.1. It was found that increasing the chloride anion
concentration increases the activity of the catalyst. However the MIm(1M HCl) re-
duced and MIm(2M HCl) reduced samples were not stable for re-use. Hence 0.58M
HCl seems to be the optimum Cl concentration for having high activity and good
stability among all MIm routes.
Table 7.2: Catalytic performance in the direct synthesis of H2O2 reaction of catalysts
made by the MIm route using different amount of excess Cl
- anions
H2O2 Productivity Hydrogenation
(molH2O2kgcat
-1h-1) (molH2O2kgcat
-1h-1)
Catalysts 1st use 2nd use 3rd use
CIm reduced † 68 – – 288
MIm(0.1M HCl) reduced 92 – – –
MIm(0.58M HCl) reduced 99 99 99 230
MIm(1M HCl) reduced 102 – – –
MIm(2M HCl) reduced 107 66 – –
†CIm reduced catalysts here are denoted as the MIm(0M HCl) material.
It is also shown in Figure 7.1 that the temperature at which the sample is held
in the 5%H2/Ar atmosphere is an important factor to consider. For the MIm(0.58M
HCl) catalyst, the productivity decreases with the increasing reduction temperature
from 250◦C to 500◦C. However, the catalytic performance only stabilized after a
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Figure 7.1: Effect of the amount of “excess” HCl added during the synthesis of the
0.5wt%Au-0.5wt%Pd/TiO2(MIm) catalysts on the resultant activity for the
direct synthesis of H2O2. In addition the effect of the gas phase reduc-
tion temperature employed during the synthesis of a standard 0.5wt%Au-
0.5wt%Pd/TiO2 catalyst made by MIm(0.58M HCl) on the resultant activity
for the direct synthesis of H2O2.
• represents HCl concentration vs. H2O2 productivity. represents reduction temperature vs. H2O2 productivity
400◦C reduction, which represents the best compromise between catalyst activity
and stability.
To further confirm the role of excess Cl− anions, different Pd salts were tested as
starting precursors (i.e. NaPdCl4 and PdBr3) and the resultant catalytic activities
are in Table 7.4. NaPdCl4 was chosen as precursors because PdCl4
- is readily present.
The catalyst generated displayed a similar activity (87 molH2O2kgcat
-1h-1) compared
to that of the MIm(0.1M HCl) reduced catalyst. This suggested that the 0.1M HCl
in the MIm route was indeed just enough to make PdCl4
- and did no more. Adding
HCl at levels more than 0.1M will provide excess Cl− anions. Meanwhile, PdBr3
was chosen as a precursor to test if Br anions can do the same as Cl− anions. AuBr3
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Table 7.3: Performance in the direct synthesis of H2O2 reaction of catalysts made by
MIm(0.5M HCl) using different reduction temperature
H2O2 Productivity Hydrogenation
(molH2O2kgcat
-1h-1) (molH2O2kgcat
-1h-1)
Reduction
Temperature 1st use 2nd use 3rd use
250◦C 113 - – –
300◦C 111 74 – –
400◦C 99 99 99 230
500◦C 95 – – –
was used as the Au precursor to exclude Cl− anions, and 0.58M HBr was used to
replace HCl, providing excess Br− anions. However it was found that this recipe
creates a catalyst with significant lower activity (59 molH2O2kgcat
-1h-1), suggesting
that the excess anion strategy works best when Cl− anions are employed.
A number of different AuPd catalysts were prepared on alternative supports
(e.g. CeO2, MgO, SiO2 and C) by the MIm(0.58M HCl) method. After reduction,
they were tested for the direct synthesis of H2O2, and compared to their counter-
parts made by CIm plus calcination, as shown in Table 7.5. Given that the CIm
calcined catalysts had four times more precious metal loading than the correspond-
ing MIm(0.58M HCl) reduced catalysts (5wt% vs. 1wt%), it can be seen that on all
the support materials tested, the MIm(0.58M HCl) derived materials are superior to
the CIm derived ones by various degrees.
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Table 7.4: Effect of different precursors on the catalytic performance of 0.5wt%Au-
0.5wt%Pd/TiO2 materials after reduction at 400
◦C in 5% H2/Ar for 3 hours
Productivity Hydrogenation
Precursor (molH2O2kgcat
-1h-1) (molH2O2kgcat
-1h-1)
PdCl2 reduced † 99 230
PdBr3 reduced ‡ 59 173
Na2PdCl4 reduced 87 136
†the standard MIm(0.58M HCl) reduced catalyst.
‡AuBr3 was used as the Au precursor which was dissolved in 0.58M HBr solution.
Table 7.5: Comparison of the catalytic performance for the direct synthesis of H2O2
for AuPd catalysts made by CIm calcined and MIm(0.58M HCl) on different
supports
H2O2 Productivity
Support (molH2O2kgcat
-1h-1)
CIm † MIm(0.58M HCl) ‡
TiO2 64 99
SiO2 53 95
MgO 32 58
CeO2 68 40
C 110 68
†CIm catalysts are 2.5wt%Au-2.5wt%Pd/TiO 2, calcined at 400◦C.
‡MIm(0.58M HCl) catalysts are 0.5wt%Au-0.5wt%Pd/TiO 2, reduced at 400◦C.
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7.4 Result of catalyst characterization
It was crucial to find out how and why the MIm preparation method generates such
good catalysts and also to see if further optimization is possible. Thus, multiple
characterization methods have been applied to these catalysts, including elemental
analysis techniques (ICP-AES and AAS), surface analysis technique (XPS) and
electron microscopy techniques (SEM, AC-STEM).
7.4.1 Elemental analysis results
Elemental analysis was done by either ICP-AES or AAS techniques, which can give
the true metal loading of the catalysts. The Au, Pd and Cl content in the CIm dried
only, MIm(0.58M HCl) dried only/reduced and MIm(0.58M NaCl) reduced catalysts
are shown in Table 7.5, for both fresh material and after use once in H2O2 synthesis.
Firstly, it is clear that the Au and Pd content for the CIm dried only, and MIm(0.58M
HCl) dried only catalyst, had dropped dramatically after one usage cycle for H2O2
synthesis. This explains the fact that those materials were not stable catalysts due
to obvious metal leaching. In contrast, MIm(0.58M HCl) reduced catalyst showed no
such decrease in metal content, which correlates with the fact that the MIm(0.58M
NaCl) reduced catalyst is fully reusable.
It should be noted that, for the four fresh catalysts, the Au and Pd loadings
were all rather similar. At first glance, this seems to go against the prediction
that excess Cl will help dissolve PdCl2 and therefore enhance the Pd loading in the
MIm sample. In fact, the undissolved PdCl2 will form a slurry when preparing the
Pd precursor solution (see §7.2.1) and therefore will also be transferred onto the
support, possibility as a form of big PdCl2 chunks. Such µm scale PdCl2 particles
will not be discriminated by ICP-AES or AAS, and therefore little difference is seen
in overall Pd content between samples.
The [Cl] contents for the MIm(0.58M HCl) and MIm(0.58M NaCl) catalysts at
dried only stage are as expected much higher than the CIm dried only catalyst. The
heat treatment in H2/Ar was found efficient in removing the Cl− as the [Cl] content
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in MIm(0.58M HCl) reduced catalyst decreased significantly (from 1.21 to 0.18 wt%).
Since the MIm(0.58M HCl) reduced catalyst was fully reusable, the residual Cl−
in the MIm(0.58M HCl) reduced catalyst should have little effect on the catalytic
activity for direct synthesis of H2O2 reaction, and can be further diminished by
“washing away” during successive usage cycles of the catalyst (from 0.18wt% to
0.00wt%).
Table 7.6: Elemental analysis of the 0.5wt%Au-0.5wt%Pd/TiO2 catalysts
Catalysts Au(wt%) Pd(wt%) Cl(wt%)
CIm dried only 0.45 0.50 0.90
CIm dried only H2O2 used once 0.36 0.21 0.25
MIm(0.58M HCl) dried only 0.47 0.55 1.21
MIm(0.58M HCl) dried only H2O2 used once 0.16 0.14 0.07
MIm(0.58M HCl) 400
◦C reduced 0.50† 0.55† 0.18
MIm(0.58M HCl) 400
◦C reduced H2O2 used once 0.50† 0.55† 0.00
MIm(0.58M NaCl) dried only 0.47 0.50 1.49
MIm(0.58M NaCl) dried only H2O2 used once 0.36 0.32 0.27
†Estimated by AAS, all other data were acquired from ICP-AES.
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7.4.2 Comparison of MIm(0.58M HCl) and CIm catalysts by
STEM
Detailed high angle annular dark field (HAADF) imaging and STEM-XEDS studies
were carried out to compare the morphologies of 0.5wt%Au-0.5wt%Pd/TiO2 cata-
lysts prepared by MIm(0.58M HCl) and CIm routes under three distinctive conditions
(viz. dried only, 400◦C calcined and 400◦C reduced). Representative STEM data
for these CIm and MIm catalysts are shown in Figures 7.2 and 7.3 respectively. The
dried only CIm (Figures 7.2 (a, b)) and dried only MIm(0.58M HCl) (Figures 7.3 (a,
b)) materials show rather similar morphologies with numerous 1∼2 nm Pd-rich clus-
ters, atomically dispersed species and occasional large (µm-scale) gold-rich particles
which originate from a poor dispersion of the gold component. Those small species
are sitting on the lower limit of the XEDS detectability of the 200kV JEOL 2200FS
due to the beam damage and limited X-ray collection efficiency. After calcination in
air at 400◦C (CIm: Figures 7.2 (c, d); MIm: Figures 7.3 (c, d)) some sintering occurs
and 5∼10 nm particles were formed. Based on the Z-contrast of HAADF images,
a distinct brighter Au-rich core and darker Pd-rich shell morphology can be seen.
Figure 7.4 shows a particle from the MIm(0.58M HCl) calcined catalyst and it can
be seen that there is a 1∼2 nm thick Pd-rich shell, which can be distinguished from
both the HAADF image (Figure 7.4 (a)) and the corresponding STEM-XEDS line
scan across the diameter of the particle (Figure 7.4 (b)). In addition, there are still
numerous Pd-rich clusters and atomically dispersed species remaining on the TiO2
supports.
By way of contrast, if the CIm and MIm(0.58M HCl) dried only catalysts are
instead subjected to a 400◦C reduction treatment in a 5wt% H2/Ar atmosphere
(CIm-Figures 7.2 (e, f); MIm-Figures 7.3 (e, f)), then almost all the clusters and
atomically dispersed species are now essentially absent and have been efficiently
subsumed into larger particles. The vast majority of these particles are random
alloys based on STEM-HAADF images. Very ocasionally, particles with core-shell
morphology can be seen on reduced samples, as shown in Figure 7.8(f). But these
are incredibly rare. Most importantly, the mean size of random alloy particles in the
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CIm reduced catalyst (4.7 nm) are significantly bigger than those for the MIm(0.58M
HCl) reduced catalysts (2.9 nm) (as shown in Figure 7.13).
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(a) dried only at 95◦C (b) dried only at 95◦C
(c) calcined at 400◦C (d) calcined at 400◦C
(e) reduced at 400◦C (f) reduced at 400◦C
Figure 7.2: HAADF-STEM images of 0.5wt%Au-0.5wt%Pd/TiO2 catalysts prepared by
the CIm route
223
(a) dried only at 95◦C (b) dried only at 95◦C
(c) calcined at 400◦C (d) calcined at 400◦C
(e) reduced at 400◦C (f) reduced at 400◦C
Figure 7.3: HAADF-STEM images of 0.5wt%Au-0.5wt%Pd/TiO2 catalysts prepared by
the MIm(0.58M HCl) route
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Figure 7.4: (a)STEM-HAADF image of a core-shell particle in the MIm(0.58M HCl) cat-
alyst after calcination at 400◦C. (b) STEM-XEDS line-scan on the diameter
of the particle indicated by arrows in (a). The X-ray intensity profile of Pd
L (2.8-3.1 keV) and Au M (2.1-2.3 keV) are plotted, confirming a Pd-rich
shell and Au-rich core morphology.
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7.4.3 STEM comparison of MIm(0.58M HCl) catalysts in
both fresh and used states
The MIm(0.58M HCl) dried only and MIm(0.58M HCl) reduced catalysts were stud-
ied by AC-STEM in both the fresh and used states. Figures 7.5 (a, b) shows repre-
sentative HAADF images of the nanostructure of the fresh MIm dried only catalyst.
There are two types of metal species present in these images: namely (i) 1∼2 nm
clusters and (ii) isolated Au or Pd atoms. After being used for H2O2 synthesis,
neither 1∼2 nm clusters nor individual metal atoms could be found on the support,
implying that these small species were not stable and had leached out from the
catalyst during the catalytic testing (Figures 7.5 (c, d)). This fits well with the ele-
mental analysis results presented in §7.4.1. Notice that there were no metal species
found in AC-STEM while the ICP-AES still showed some metal content. This could
be explained by the SEM image showed in Figure 7.6, in which a few large µm-scale
large particles can still be found. Those large particles were too widely separated
would be statistically unlikely to be detected in STEM-HAADF images which were
taken at high magnification with a rather limited field of view.
Representative STEM-HAADF images of the MIm(0.58M HCl) reduced catalysts,
both in the fresh and used states, are shown in Figure 7.7 (a) and (b) respectively. In
both cases, a homogeneous dispersion of metal nanoparticles were noted that had a 1-
6 nm size range. Furthermore, no obvious particle coarsening was noticed in the used
samples as compared to the fresh ones. Compositional information from individual
particles was also obtained by STEM-XEDS for this sample pair, as shown in Figure
7.8. X-ray signals were collected while scanning the electron beam over the entire
particle, therefore the XEDS spectrum presented should be treated as an average
composition over the entire particle. It was found that small (∼2 nm) and larger (∼6
nm) particles from the fresh catalysts (7.8 (a-d)) and catalysts that has been used
for direct synthesis of H2O2 once (7.8 (e-h)) are all AuPd alloys of relatively similar
composition. The particles in Figure 7.8 (c) and (e) may be showing weak signs
of Pd rich shell and Au rich core morphology. However as mentioned before, the
majority of the particles are random alloys as shown in Figure 7.3 (f). The reason
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for the development of a core shell structure for only a small fraction of particles is
unclear at this stage.
(a) fresh catalyst (b) fresh catalyst
(c) catalysts used for direct syn-
thesis H2O2 once
(d) catalysts used for direct syn-
thesis H2O2 once
Figure 7.5: STEM-HAADF images of the dried only 0.5wt%Au-0.5wt%Pd/TiO2 cata-
lyst prepared by the MIm(0.58M HCl) route in the at fresh and used states.
1∼2 nm clusters and isolated atoms (circled in white) are clearly visible in
the fresh sample (a, b). However it become obvious that the nanoscale metal
species have leached out after one usage cycle in the direct synthesis of H2O2
reaction (c, d).
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(a) fresh catalyst (b) H2O2 used once
Figure 7.7: STEM-HAADF images of the 400◦C reduced 0.5wt%Au-0.5wt%Pd/TiO2
prepared by the MIm(0.58M HCl) at fresh and used stages
Once again we are unable to measure the composition of the ultra-small species
below about 2 nm using the JEOL 2200FS. Therefore, two monometallic catalysts,
namely 1wt%Au/TiO2 and 1wt%Pd/TiO2, were prepared using the MIm(0.58M
HCl) route and studied by STEM in both the dried only and reduced stages. It
was found that the 1wt%Au/TiO2 material contains 1∼2 nm clusters and individ-
ual Au atoms (Figures 7.9 (a, b)), while after reduction at 400◦C in H2/Ar these
species aggregated and formed nanoparticles. (Figures 7.9 (c, d)) The monometallic
Pd/TiO2 dried-only sample behaved in a subtly different manner. In this case 1∼2
nm Pd clusters dominated with little evidence for the existence individual Pd atoms
(Figure 7.10 (a, b)). After reduction at 400◦C however 1∼6 nm nanoparticles were
formed as expected (Figures 7.10 (c, d)). Those Pd particles formed existed in metal-
lic state as its lattice planes spacings matched well with those of Pd metal(Figure
7.11). Based on these findings, we can infer that in bimetallic AuPd catalysts pre-
pared using MIm(0.58M HCl), both Au and Pd can be finely dispersed into 1∼2 nm
clusters and even individual atoms in the presence of excess Cl− anions. However
during the reduction procedure when Cl− were largely removed, larger nanoparticles
can be formed at the expense of those initial small species. Since the two metals
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(a) fresh catalyst (b) XEDS spectrum of (a)
(c) fresh catalyst (d) XEDS spectrum of (c)
Figure 7.8: (Part 1/2) (a, c) High magnification STEM-HAADF images and (b, d) corre-
sponding XEDS spectra from individual metal particles in the 400◦C reduced
0.5wt%Au-0.5wt%Pd/TiO2 prepared by the MIm(0.58M HCl) at the fresh
stage.
were so well dispersed initially, the resultant alloy nanoparticles can potentially be
well controlled in terms of both particle size and composition.
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(e) catalysts used for direct syn-
thesis H2O2 once
(f) XEDS spectrum of (e)
(g) catalysts used for direct syn-
thesis H2O2 once
(h) XEDS spectrum of (g)
Figure 7.8: (Part 1/2) (e, g) High magnification STEM-HAADF images and (f, h) cor-
responding XEDS spectra from individual metal particles in the 400◦C re-
duced 0.5wt%Au-0.5wt%Pd/TiO2 prepared by the MIm(0.58M HCl) after
being used for the direct synthesis of H2O2.
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(a) dried only (b) dried only
(c) 400◦C reduced (d) 400◦C reduced
Figure 7.9: STEM-HAADF images of the monometallic 1wt% Au/TiO2 sample prepared
by the MIm(0.58M HCl) route. In the dried only sample (a,b) 1∼2 nm Au
clusters and isolated Au atoms (circled in white) were present; In the sample
reduced at 400◦C in H2/Ar (c,d) 2∼6nm nanoparticles were formed at the
expense of the clusters and atomically dispersed species.
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(a) dried only (b) dried only
(c) 400◦C reduced (d) 400◦C reduced
Figure 7.10: STEM-HAADF images of the monometallic 1wt% Au/TiO2 sample pre-
pared by the MIm(0.58M HCl) route. In the dried only sample (a,b) the
majority of the metal species were 1∼2 nm clusters; In the sample reduced
at 400◦C in H2/Ar (c,d) 2∼6nm nanoparticles were formed at the expense
of the small clusters.
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(a) HAADF (b) BF
(c) HAADF (d) BF
Figure 7.11: STEM-HAADF and STEM-BF image pairs from two particles in the 1.0
wt% Pd/TiO2 sample prepared by the MIm(0.58M HCl) route and reduced
at 400◦C in H2/Ar. The metallic Pd particles have an FCC structure, and
are viewed along [110] in (a,b) and [100] in (c,d).
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7.4.4 STEM analysis of MIm(0.58M HCl) materials prepared
in the presence of different concentration of Cl− an-
ions
Detailed high angle annular dark field (HAADF) imaging and STEM-XEDS stud-
ies have been carried out on the systematic series of MIm catalysts produced using
different Cl− anion concentrations after reduction in H2/Ar. (denoted as (i) CIm,
(ii) MIm(0.58M HCl) and (iii) MIm(2M HCl)). Note that CIm catalyst here is effec-
tively and the MIm material with 0M HCl added. The results of these analyses are
presented in Figures 7.12 and 7.13. All three samples at the dried-only stage look
very similar in HAADF images (Figures 7.12 (a), (b) and (c)) displaying 1∼2 nm
clusters and atomically dispersed species. After reduction, all three materials show
larger AuPd alloy particles (Figures 7.12 (d, g), (e, h) and (f, i)) and a complete
absence of nm-scale clusters. The particle size distribution derived from such mi-
crographs are presented in Figures 7.13 (a), (c) and (e)). Notice that these particle
size distribution histograms only included particles those within the 1∼10 nm range.
Larger µm-scale particles that can be seen on Figures 7.14 have been ignored, due
to the sampling arguments explained in §4.4.2. However, since particles from this
1∼10 nm range have provided the majority of the exposed metal surface area, these
“incomplete” histograms are still important. Figure 7.13 (a), (c) and (e) clearly
showed the trend that the mean particle size and spread of particle size decreases
with increasing Cl− anion concentration.
Representative images and corresponding XEDS spectra from individual parti-
cles from these samples are shown in Figure 7.12. The particles are random alloy
in nature, and do show a systematic change in Pd:Au ratio with varying Cl− anion
concentration. A more statistically relevant analysis of composition with particle
size for these three samples are presented in Figures 7.13 (b), (d) and (f)). It is
clear that increasing the amount of excess Cl− anion used in the MIm preparation
route causes a definite increase in Au content (therefore decrease Pd content) within
the AuPd alloyed nanoparticles, as the averaged Pd compositions of the sampled
nanoparticles (below 10 nm) were found to drop from 75wt% for CIm catalyst, to
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51wt% for the MIm(0.58M HCl) catalyst and finally 30wt% for the MIm(2M HCl)
catalyst. This compositional variation trend can be rationalised by analysing these
samples by backscattered electron (BSE) imaging in an SEM to monitor the pop-
ulation of the larger scale (200 nm to 2.0 µm) Au-rich particles (see Figure 7.14).
The CIm catalyst contains a significant population of poorly dispersed large Au-
rch particles, but the effect of the excess Cl in the MIm process is to progressively
disperse and eventually eliminate these large Au rich particles. As the Au is no
longer associated with the large inactive particles, it can be readily incorporated
into the nm scale AuPd alloyed particles, therefore modifying their composition.
It is worth to mention that the resultant nanoparticle composition of the MIm(2M
HCl) catalyst is lower than the expected 50wt% nominal value, which suggest that
the Cliff-Lorimer k factor (determined from a sputtered thin film from a Au-Pd
target with nominal composition 60wt%-40wt%) used in quantification is probably
erroneousness. However it is still clear that the composition span for the MIm(0.58M
HCl) and MIm(2M HCl)is considerably smaller than that of the catalysts prepared
by the SIm route(see Figure 6.11). Therefore it is safe to claim that MIm provides
better control over both the size and composition of AuPd alloy nanoparticles as
compared to CIm and SIm method, which ultimately resulted in superior catalytic
performance.
However, it should be noted that adding too much HCl in the MIm preparation
route seems to be detrimental to the durability of the catalysts, as the MIm(2M HCl)
catalysts was found to not be fully reusable. The MIm(0.58 HCl) recipe is a good
compromise between initial activity and catalyst durability for the direct synthesis
of H2O2.
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Figure 7.12: STEM-HAADF images of the 0.5wt%Au-0.5wt%Pd/TiO2 catalysts pre-
pared by CIm (left column, a-c), MIm(0.58M HCl) (middle column, e-g)
and MIm(2M HCl) (right column, i-k). Corresponding X-EDS spectra of
individual nanoparticles are shown in (d), (h) and (l) for CIm, MIm(0.58M
HCl) and MIm(2M HCl) materials respectively. A systematic increase in
Au content can be correlated with increasing HCl concentration.
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(a) CIm, reduced (b) CIm, reduced
(c) MIm(0.58M HCl), reduced (d) MIm(0.58M HCl), reduced
(e) MIm(2M HCl), reduced (f) MIm(2M HCl), reduced
Figure 7.13: Particle size distribution and particle size/composition diagrams for
0.5wt%Au-0.5wt%Pd/TiO2 prepared by (a, b) CIm(0M HCl), (c, d)
MIm(0.58M HCl) and (e, f) MIm(2M HCl) after 400
◦C reduction.
238
(a
)
C
Im
(0
M
H
C
l)
,
re
d
u
ce
d
F
ig
u
re
7
.1
4
:
(P
ar
t
1/
4)
B
ac
k
sc
at
te
re
d
el
ec
tr
on
(B
S
E
)
im
ag
es
of
th
e
0.
5w
t%
A
u
-0
.5
w
t%
P
d
/T
iO
2
ca
ta
ly
st
s
p
re
p
a
re
d
b
y
(a
)
th
e
C
Im
ca
ta
ly
st
p
lu
s
re
d
u
ct
io
n
h
ea
t
tr
ea
tm
en
t
in
H
2
/A
r
at
40
0◦
C
fo
r
3
h
ou
rs
.
239
(b
)
M
Im
(0
.5
8
M
H
C
l)
F
ig
u
re
7
.1
4
:
(P
ar
t
2/
4)
B
ac
k
sc
at
te
re
d
el
ec
tr
on
(B
S
E
)
im
ag
es
of
th
e
0.
5w
t%
A
u
-0
.5
w
t%
P
d
/T
iO
2
ca
ta
ly
st
s
p
re
p
a
re
d
b
y
(b
)
th
e
M
Im
(0
.5
8M
H
C
l)
ro
u
te
p
lu
s
re
d
u
ct
io
n
h
ea
t
tr
ea
tm
en
t
in
H
2
/A
r
at
40
0◦
C
fo
r
3
h
ou
rs
.
240
(c
)
M
Im
(0
.5
8
M
H
C
l)
F
ig
u
re
7
.1
4
:
(P
ar
t
3/
4)
B
ac
k
sc
at
te
re
d
el
ec
tr
on
(B
S
E
)
im
ag
es
of
th
e
0.
5w
t%
A
u
-0
.5
w
t%
P
d
/T
iO
2
ca
ta
ly
st
s
p
re
p
a
re
d
b
y
(c
)
th
e
M
Im
(0
.5
8M
H
C
l)
ro
u
te
an
d
ju
st
d
ri
ed
at
12
0
◦ C
fo
r
16
h
ou
rs
.
241
(d
)
M
Im
(2
M
H
C
l)
F
ig
u
re
7
.1
4
:
(P
ar
t
4/
4)
B
ac
k
sc
at
te
re
d
el
ec
tr
on
(B
S
E
)
im
ag
es
of
th
e
0.
5w
t%
A
u
-0
.5
w
t%
P
d
/T
iO
2
ca
ta
ly
st
s
p
re
p
a
re
d
b
y
(d
)
th
e
M
Im
(2
M
H
C
l)
ro
u
te
p
lu
s
re
d
u
ct
io
n
h
ea
t
tr
ea
tm
en
t
in
H
2
/A
r
at
40
0◦
C
fo
r
3
h
ou
rs
.
242
7.4.5 STEM analysis of MIm(0.58M NaCl) materials
The MIm(0.58M NaCl) reduced catalyst was also examined by AC-STEM at the
fresh stage. Compared to the MIm(0.58M HCl) material, this catalyst had very a
similar nanoparticle size range (mainly in 2∼6 nm), but occasionally some smaller
1∼2 nm species could be found (Figures 7.15 (a) and (b)). Representative HAADF
images of small (2 nm) (Figure 7.15 (c)) and larger (5 nm) (Figure 7.15 (d)) particles
along with their corresponding XEDS spectra (Figures 7.15 (e) and (f)) show that
those particles are random AuPd alloys, which is a characteristic that it has in
common with the MIm catalysts produced using excess HCl. In summary, there
is no significant microstructural difference between the MIm(0.58M NaCl) reduced
material and the standard MIm(0.58M HCl) reduced catalysts.
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(a) (b)
(c) (d)
(e) XEDS spectrum of (c) (f) XEDS spectrum of (d)
Figure 7.15: Representative STEM-HAADF images and XEDS spectra of the
0.5wt%Au-0.5wt%Pd/TiO2 catalyst prepared by MIm(0.58M NaCl) route
plus reduced at 400◦C in H2/Ar for 3 hours. 2∼6 nm nanoparticles (a)
and occasional 1∼2 nm species (b) can be found on the /TiO2support.
HAADF images and corresponding XEDS spectra obtained from (c) small
(2nm) and (d) larger (5nm) individual particles are shown in (e) and (f)
respectively, indicating that both particles are random Au-Pd alloys.
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7.4.6 XPS Characterization
XPS was also applied to probe the surface composition of the 0.5wt%Au-0.5wt%Pd
/TiO2 catalysts. Quantification of XPS data allow us to derived surface composi-
tions (at. %) and corrected Pd/Au ratios are shown in Table 7.7. Detailed Pd(3d),
Au(4f) and Cl(2p) spectra for the CImand MIm (0.58M HCl) samples are presented
in Figures 7.16. We have analysed the dried and calcined/reduced catalysts, both
before and after use for H2O2 synthesis. The behaviour of the CIm samples has
been noted previously:209 calcination of the dried CIm sample leads to a significant
increase in the Pd:Au ratio due to the formation of particles with a Pd-rich shell
and Au-rich core morphology. Furthermore, use of the dried only CIm catalyst for
H2O2 synthesis resulted in significant leaching, as reflected in the decrease in the
[Au]+[Pd] value, whereas the calcined sample was stable. In marked contrast, the
MIm samples derived from HCl or NaCl show no strong evidence for core-shell for-
mation on reduction at 400◦C (for a random alloy the expected Pd:Au ratio is 1.9:1),
but in common with the CIm materials do show leaching after use for the dried only
catalyst, but not for the 400◦C reduced samples. The CIm, MIm(0.58M HCl) and
MIm(0.58M NaCl) catalysts exhibit similar Cl surface concentrations for the dried
materials, and only the latter shows no significant decrease after heat treatment. In-
terestingly, both oxidative (CIm) and reductive (MIm(0.58M HCl)) heat treatments
are able to decrease the residual [Cl] concentration. For all dried-only samples the
[Cl] concentration decreases significantly after use for H2O2 synthesis.
Quantified XPS data, together with the corrected Pd/Au ratios for MIm sam-
ples prepared with varying HCl concentration are also shown in Table 7.7. After
reduction in H2/Ar at 400
◦C we observe only minor differences between the Pd/Au
ratios for the MIm(0.1M HCl), MIm(0.58M HCl) and MIm(2M HCl) catalysts. This
is in contrast with the SEM and STEM observation that large Au particles are not
present in the MIm(2M HCl) catalyst, the gold having been dispersed and incor-
porated into AuPd alloyed nanoparticles. Although increased of the gold will lead
to an increase in the Au(4f) signal intensity for those gold atoms, which might be
reflected by a decrease in the Pd/Au ratio, XPS provides information averaged over
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a relatively large area and in this case is dominated by the AuPd nanoparticles.
For all three preparations, the [Cl] concentration decreases significantly after reduc-
tion. The observed Au(4f7/2) binding energies, 82.6 83.1 eV, are lower than the
expected bulk value of 84.0 eV. Some groups have related this negative shift to the
change in electronic structure as a function of cluster size,210,211 whilst other groups
attribute it to (i) electron transfer from the support to the nanoparticles,212 (ii) an
initial state effect resulting from H2 pre-treatment
213 or (iii) charge transfer from
Pd to Au, increasing the s-state occupancy for Au and indicating alloy formation.214
Clearly, based on the STEM results and the sample preparation, both of the latter
two explanations could be applicable here.
The measured Pd(3d5/2) binding energies lie in the range 336.0±0.2 eV, some-
what lower than what we frequently observe for Pd2+ in Pd and AuPd nanocluters,
at around 336.5∼337 eV.215 In the light of the STEM results we consider this energy
to be indicative of two possibilities: (i) particle-size effects, wherein the Pd core-
hole screening during photoemission results in a higher binding energy for small
particles216 or (ii) Pdδ+ formation through charge transfer with adsorbed Cl−,217
although whether this Cl is adsorbed on the Pd itself, or neighbouring sites is in-
conclusive from the XPS data alone. This latter point is in some agreement with
Shen et al.218 who reported similar Pd binding energies for Cl-containing catalysts,
and suggested that the Pd has a more positive valency resulting in a more stable
Pd surface structure than the corresponding halide free system.
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Figure 7.16: XPS spectra for 0.5wt%Au-0.5wt%Pd/TiO2 catalysts prepared by CIm
(i,ii,iii) and MIm(0.58M HCl)(iv,v,vi), at fresh and H2O2 used once stages
for both dried only and reduced catalysts.(a) dried catalyst; (b) dried cat-
alyst used once; (c) reduced at 400◦C; (d) reduced catalyst used once.
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Table 7.7: Surface composition of catalysts derived from quantification of XPS results
0.5wt%Au-0.5wt%Pd/TiO2 Cl(wt%) Pd(wt%) Au(wt%) Pd/Au †
CIm Catalysts
Dried only 1.6 0.66 0.16 3.7
Dried only, H2O2 used once 0.50 0.18 0.06 2.5
400◦C Calcined 0.34 0.50 0.06 8.1
400◦C Reduced 0.37 0.85 0.09 9.3
400◦C Reduced, H2O2 used once 0.49 0.44 0.08 5.1
MIm(0.1M HCl)
Dried only 0.35 0.19 0.07 2.2
Dried only, H2O2 used once – – – –
400◦C Calcined 0.34 0.31 0.03 9.8
400◦C Reduced 0.23 0.18 0.06 2.5
400◦C Reduced, H2O2 used once – – – –
MIm(0.58M HCl)
Dried only 1.1 0.68 0.35 1.4
Dried only, H2O2 used once 0.48 0.20 0.05 3.4
400◦C Calcined 0.22 0.32 0.08 3.3
400◦C Reduced 0.4 0.39 0.11 2.9
400◦C Reduced, H2O2 used once 0.31 0.27 0.11 2.0
MIm(2M HCl)
Dried only 0.54 0.28 0.13 1.7
Dried only, H2O2 used once – – – –
400◦C Calcined 0.41 0.30 0.06 4.5
400◦C Reduced 0.34 0.25 0.09 2.3
400◦C Reduced, H2O2 used once – – – –
MIm(0.58M NaCl)
Dried only 1.7 0.67 0.31 1.6
Dried only, H2O2 used once 0.59 0.17 0.07 2.0
400◦C Calcined – – – –
400◦C Reduced 1.5 0.48 0.12 3.4
400◦C Reduced, H2O2 used once 0.47 0.39 0.14 2.3
†Pd/Au ratio was corrected for the overlap of the Pd(3d) doublet and the Au(4d5/2)
component
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7.5 Discussion and Summary
The current study has shown that modified impregnation (MIm) methodology allows
us to prepare catalysts that are superior than those prepared by the CIm and SIm
methods, for the direct synthesis of H2O2 reaction. By studying the catalysts pre-
pared by different methods and at different stages (i.e. dried only, reduced, calcined
or fresh, used once etc.), a rich and strong catalyst preparation - nanostructure -
performance relationship has been developed for the 0.5wt%Au-0.5wt%Pd/TiO2MIm
catalysts. The large body of catalysis and characterization information has allowed
us to evaluate the effect of Cl− anions addition and H2/Ar reduction treatment in
the MIm routes, and can be briefly summarized as follows:
• The Cl− anions can help to dissolve the PdCl2 salt more thoroughly and
therefore leads to an increase in Pd dispersion.
• The Cl− anions can help to eliminate the large µm-scale Au rich particles and
therefore acts to more efficiently disperse the Au.
• The H2/Ar reduction heat treatment can effectively collect highly dispersed
small species (atoms, sub-nm clusters), and form them into random alloy
nanoparticles with a tight size distribution and relatively constant compo-
sition from particle-to-particle.
• The H2/Ar reduction heat treatment can also effectively remove residual “Cl-
anions and counter-act any potential “Cl poisoning” effects.
The evolution of the metal species during the MIm synthesis can be described
as follows: Firstly, AuCl4
- and PdCl4
- are the two major precursors in the aque-
ous solution, and hydrolysis process has been suppressed by adding excess Cl -
and maintaining low pH value in the solution. When TiO2 is added, the support
surface becomes positively charged and a double layer will be formed. Negatively
charged anions in the solution, including AuCl4
-, PdCl4
- and excess Cl− will there-
fore be competitively adsorbed onto the TiO2 surface. After the solvent has been
evaporated, some Au agglomeration can occur (Figure 7.14 (c)). However most of
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the metal species will stay as fine clusters and atomically dispersed species as ob-
served by STEM-HAADF. The XPS data suggests that most of the metal species
are cationic in nature at this stage.
If the dried-only catalyst is calcined, the Au precursors are likely to be reduced
and agglomerated, whereas the Pd precursors stays at cationic stage and probably
established strong bonding with the oxygen atoms associated with the support, so
that they became less mobile. The Pd atoms available for forming nanoparticles then
became well limited. This results in the formation of sparse large particles. Due to
the stronger oxophilicity of Pd,219,220 a Au-rich core and Pd-rich shell morphology
will be formed in Au-Pd alloy particles, as observed previously by Herzing et al.41
In contrast, if the dried only catalyst is reduced in H2/Ar, the TiO2 support is
expected to be more defective (i.e. Oxygen vacancies). Pd may no longer form a
strong bond with the surface during reduction and becomes a lot more mobile on the
surface. This observation of higher mobility of the Pd clusters on a defective TiO2
surface compared to that on the oxygen rich TiO2 surface agrees well with the Monte
Carlo simulation results reported by Zhang et. al.96 The defective support after
reduction treatment may provide more potential nucleation sites for nanoparticles.
With more available mobile Pd metal and more potential nucleation sites, the formed
alloy particles will be smaller in size more in numbers, and richer in Pd as compared
to calcined materials, which is exactly what we found (see Figure 7.13). The alloy
particles also tend to be homogeneous random alloy rather than core-shell type in
character. The fact that the reduced sample has a better catalytic performance than
the calcined sample agrees well with the results from previous studies: i.e. random
alloyed AuPd nanoparticles are generally superior than AuPd core-shell particles for
the direct synthesis of H2O2 reaction.
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From Figure 7.14 we learn that if less than 0.58M HCl was used (or no Cl−
at all), µm-scale Au-rich particle were easily detected using SEM. Only when the
concentration of the used HCl reaches 2M, do the large Au particles become ex-
cluded. The detailed mechanism for this elimination process of large Au particles
is not yet clear. One possible explanation is that if the Cl− anion concentration is
high and within a certain “sweet zone”, Au and Pd cations can be well separated
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and screened from agglomeration during the drying and subsequent heat treatment.
However too many Cl− anions may result in an intensive competitive adsorption,
which may decrease the interaction between the support and the precious metal,
resulting in weak or inadequate adsorption of Au or Pd containing species.
Moreover the mechanism that causes the instability of the MIm(0.58M NaCl) and
MIm(2M HCl) methods for direct synthesis of H2O2 reaction is also unclear. One may
speculate on this aspect as follows - from §7.4.3 we found that leaching of fine clusters
and atomically dispersed species are the main reason of a catalyst’s instability. The
significant drop of catalytic performance after first use for the dried only catalysts
suggested that the fine clusters and atomically dispersed species lost during the
catalyst recovering process are very active. But there is another possibility, namely
that the leached species may act as homogeneous catalysts in the reaction solution.
After reduction the population of those fine clusters and atomically dispersed species
dramatically decreases, resulting the formation of random alloy particles. These
particles strongly interact with the support and therefore immune to leaching. Hence
we can further infer that the optimum condition for making a stable catalyst is when
the contribution of the initial productivity from those leach-able species is small
and thus ignorable. For the MIm(0.58M NaCl) reduced catalysts and MIm(2M HCl)
reduced catalysts, there may be still some leachable species present, resulting in a
decline in activity with multiple usage cycles.
Compared to the MIm(0.58M HCl) preparation, the precursors in the MIm(0.58M
NaCl) and MIm(2M HCl) catalysts were actually encountering a quite different pH
values. For instance, in the MIm(0.58M NaCl) route, the final pH of the solution
(contains HAuCl4, PdCl2 and NaCl) can be calculated to be ∼ 1.7; With 0.58M
HCl added into the Pd solution, the final mixture of Au+Pd solution will have a pH
value of ∼ 0.43; With 2M HCl added into the Pd solution, final pH will be ∼ 0.08.
Therefore compared to MIm(0.58M HCl), the TiO2 support in MIm(0.58M NaCl)
route is less postively charged, while for MIm(2M HCl), the TiO2 support is more
postively charged, however in the latter case, there are much more Cl− anions avail-
able for competitive adsorption. Either scenario may result in a weaker adsorption
of metal precursors. Even after reduction, those weakly adsorbed species may not
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establish a strong bonding with the support and thus are eligible for leaching. More
catalysis runs are needed to see if a MIm derived materials can eventually stabilized.
In addition a pre-leaching study for the MIm(0.58M HCl) and MIm(2M HCl) needs
to be performed in order to fully answer this question.
Despite the fact that there is still lot to explore for this new preparation method,
this modified impregnation (MIm) route. permits the generation of a catalyst which
has a small average particle size, a tunable random alloy composition and improved
compositional uniformity from particle-to-particle. This new preparation protocol
provides both the academic research community and the industrial community with
a very convenient and reproducible methodology for preparing supported AuPd cat-
alysts with high activity and stability, without using any exotic ligands or stabilizers,
while at the same time not compromising their catalytic activity.
252
Chapter 8
Au-Pd catalysts prepared by
physical grinding and chemical
vapour infiltration
In previous chapters, we have studied numerous Au and Au-Pd catalysts for sev-
eral industrially important reactions, including CO oxidation, the direct synthesis of
hydrogen peroxide and solvent free benzyl alcohol oxidation. These catalysts were
all prepared via wet chemical methods (i.e. co-precipitation, impregnation or sol
immobilization) using HAuCl4 as the Au precursor. Therefore two main limitations
applied to these materials. Firstly all catalysts prepared this way inevitably con-
tain chlorine, which sometimes can act as a catalytic poison in Au catalysis, due
to its suspected ability to block active sites and promote Au particle agglomera-
tion.80,198–201 Secondly these wet chemical methods do not work well with acidic
supports such as SiO2, which have low iso-electric points.
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The use of Cl-free organo-gold precursors and some other novel catalyst prepara-
tion routes offer the potential to solve these problems. Various organo-gold precur-
sors, including gold acetate (Au(OAc)3)
203,221,222 and dimethyl gold acetyl acetonate
(Me2Au(acac))
27,30,223,224 have been reported in literature as possible alternatives
to replace HAuCl4 as the Au precursor. Those organo-gold precursors are not very
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soluble in water, nevertheless Au(OAc)3 was used by Kung’s group
203 by wet im-
pregnation onto Al2O3 support and the resultant material showed good activity for
the CO oxidation reaction. Haruta’s group29 developed an alternative liquid phase
grafting technique, in which the aqueous solvent was replaced by an organic solvent
to better dissolve Me2Au(acac) precursor and therefore achieving a better dispersion
of gold. Since the Me2Au(acac) has a tendency to readily sublimate at low tem-
perature (i.e. 306 K225) due to its high vapor pressure of 8.5× 10−3) Torr at room
temperature, the grafting process can be done in the gas phase.27 Haruta’s group
also demonstrated a solid grinding method for depositing Au onto a polymeric sup-
port, also utilized the sublimation of a Me2Au(acac) precursor. The solid grinding
and gas phase grafting methods were both found to be applicable for most types of
support.26
In this chapter, we will discuss the preparation of Au-Pd catalysts using organic
precursors. In §8.1, a simple physical grinding (PG) method will be described for
preparing Au-Pd alloy catalysts using Au- and Pd- acetate precursors. In §8.2,
the preparation of Pd, Pt and Pd-Pt alloy catalysts from their acetyl acetonate
precursors using a chemical vapor infiltration (CVI) method will be described. In
addition, Au-Pd catalysts were prepared by so-called CVI@CIm and CVI@SIm hybrid
methods, which means the Pd was deposited using CVI onto Au seed materials which
has been prepared by conventional impregnation (CIm) or sol immobilization (SIm)
methods. We will show that these materials exhibit fascinating microstructures and
have potentially useful catalytic activities. Alloy nanoparticles can be synthesised
using both the PG and CVI methods but the size and composition control over the
nanoparticles produced is rather limited.
8.1 Au-Pd alloy catalysts prepared by physical
grinding (PG)
In this section, a simple physical grinding method for preparing supported Au-Pd
catalysts is developed using Au- and Pd- acetate salts as the metal precursors. In
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particular, we will show for the first time that bimetallic Au-Pd alloy nanoparticles
can be produced using this process. The elimination of aqueous chloride ions from
the preparation process, also decreases the waste material produced and therefore
ensures that the catalyst preparation is carried out in a greener manner.
8.1.1 Catalyst preparation via physical grinding
Palladium (II) acetate (Sigma Aldrich, 99.9%) and gold (III) acetate (Alfa Aesar,
99.9%) were added to the support (TiO2, Degussa, P25 and activated C, Aldrich,
G60) and the mixture was ground manually in a pestle and mortar for 1 minute. The
mass of acetate salts chosen was that required to give a 5wt% total metal loading.
Futhermore, the bimetallic catalysts were prepared such that the metals in a 1:1
weight ratio. The resultant mixture was placed in a 4 inch ceramic boat situated in a
heat treated at 350◦C for 2 hours under flowing helium (ramp rate 1∼20◦C), in order
to facilitate acetate ligand decomposition to form metallic particles226). The thermal
break-up of two precursors was confirmed by thermo-gravimetric analysis (TGA)
(see Figure 8.1) as two distinctive two step mass loss was clearly seen, corresponding
to the decomposition of Au(OAc)3(between 120 and 210
◦C) and Pd(OAc)2(between
200 and 300◦C). The resultant PG catalysts were tested for both the direct synthesis
of H2O2 and benzyl alcohol oxidation reaction as described in §3.1.
8.1.2 Catalytic performance
With the 5wt% metal loading, the hydrogen peroxide productivity values (Table
8.1) for catalysts prepared by PG are comparable or in some cases even higher than
that of catalysts prepared by the standard CIm route (i.e. 64 H2O2 kgcat
-1h-1 for
a TiO2 supported catalysts and 110 H2O2 kgcat
-1h-1 for a C supported material).
If the activated carbon was acid pre-treated before doing PG process, the activ-
ity reached its highest point of 156 mol H2O2 kgcat
-1h-1. However, the drawback
is that the hydrogenation activity for the PG catalysts are also exceedingly high
(i.e. 700-1330 molH2O2kgcat
-1h-1). Even for the acid-pretreated carbon support, the
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Figure 8.1: A typical thermo-gravimetric analysis (TGA) profile of a 2.5wt%Au-
2.5wt%Pd/TiO2 catalyst prepared by the physical grinding method. A
distinctive two step mass loss is apparent, corresponding to the decomposi-
tion of Au(OAc)3(between 120 and 210
◦C) and Pd(OAc)2(between 200 and
300◦C)
hydrogenation activity lowered substantially relative to the untreated PG material,
but still remained at a high level at 520 molH2O2kgcat
-1h-1.
Table 8.1: The catalytic activity of supported 2.5wt%Au-2.5wt%Pd catalysts prepared
by physical grinding in the direct synthesis of H2O2 reaction
H2O2 Productivity Hydrogenation Activity
Catalysts (mol H2O2 kgcat
-1h-1)
Au-Pd/TiO2 90 1243
Au-Pd/G60 100 672
Au-Pd/G60 (acid pre-treated) 156 520
The performance of the Au-Pd PG catalysts supported on TiO2 and C (Fig-
ure 8.2) were compared with their monometallic counterparts for the solvent free
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oxidation of benzyl alcohol in terms of both benzyl alcohol conversion and ben-
zaldehyde selectivity. In both cases, the bimetallic Au-Pd PG catalysts showed the
best selectivity while retaining high conversion levels that were comparable to the
monometallic Pd PG catalysts. This synergistic effect between Au and Pd in PG
type materials was consistent with the previous observations of synergy in Au-Pd
catalysts prepared by other methods.
Figure 8.2: Catalytic performance in the benzyl alcohol oxidation reaction of the
2.5wt%Au-2.5wt%Pd catalyst and its monometallic counterparts supported
on (a, b) TiO2 and (c, d) C material, prepared by the physical grinding: 
bimetallic AuPd catalysts, ffl Au catalysts (red) and N Pd catalysts (blue).
(a) and (c) shows the benzyl alcohol conversion and (b) and (d) selectiv-
ity toward benzaldehyde for TiOtext supported and C supported materials
respectively.
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8.1.3 XRD and XPS characterization of the Au-Pd PG cat-
alysts
X-ray diffraction data from the Au-Pd PG catalysts supported on TiO2 and acti-
vated C are shown in Figure 8.3. The corresponding XRD data from monometallic
Au or Pd PG catalysts, as well as a comparable standard Au-Pd/TiO2 catalyst
prepared by the CIm route, were also shown in this figure. The average crystallite
size can be derived from this XRD data using the Scherrer equation. Distinct Au
and Pd metallic phases were found in the spectrum of the Au-Pd/TiO2 PG cata-
lyst, in which the Au phase has a much larger average crystallite size than the Pd
phases (i.e. 62 nm versus 4 nm), which agrees with the results for the mono-metallic
Au/TiO2 (57 nm) and Pd/TiO2 catalysts (7 nm). The peak position of the Au
and Pd phase in the bimetallic sample are similar to those found in mono-metallic
counterparts, suggesting a limited alloying between Au and Pd.
Interestingly, for the Au-Pd/C PG catalysts supported on activated carbon, an
additional phase with a unit cell volume of 63.09A˚3 was found, which is very close
to the expected unit cell size (63.04A˚3) of a bulk 1:1 Au-Pd alloy.227 However, the
same phase was also found in the mono-metallic Pd/C PG catalysts, indicating that
this is just a slightly expanded Pd phase. This could be indicative incorporation
of the additional species into the Pd unit cell, such as interstitial carbon.228–230 As
expected there was no evidence of interstitial C incorporation into the Au phase,
since Au and C are known to be immiscible.231
Figure 8.4 show the Pd(3d) region of the XPS spectrum for a TiO2 supported
2.5wt%Au-2.5wt%Pd PG catalyst before and after heat treatment. The unheated
catalyst has a Pd(3d5/2) peak at 336.9 eV, corresponding to the Pd
2+ species in the
Pd acetate. After heat treatment this peak was shifted to 336.0 eV, which is close
to that expected for Pd2+ in PdO.
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8.1.4 Electron microscopy characterization of the Au-Pd
PG catalysts
Selected PG catalysts samples were subjected to electron microscopy analysis. Rep-
resentative STEM-HAADF images of the 2.5wt%Au-2.5wt%Pd PG catalysts sup-
ported on C and TiO2 supports were shown in Figure 8.5. The nanoparticles pro-
duced were mainly in the 1-6 nm size range. The composition of individual nanopar-
ticles can be probed using STEM-XEDS analysis, as shown in Figures 8.6 and 8.7.
The majority of the nanoparticles on both samples were found to be Au-Pd alloys.
From the contrast seen in HAADF images, the Au-Pd alloyed particles on carbon
were found to be random alloys type in character (Figure 8.6(c)). However there was
a small hint of Au-Pd particles forming a Pd-rich shell/Au-rich core structure (Fig-
ure 8.7(c)) on the TiO2 support, as was found previously for CIm catalysts. On both
supports, the particle compositions were not uniform, as Pd-rich or non-alloyed
nanoparticles were seen (Figure 8.6(d)). Occasionally, µm-scale Au-rich particles
and Pd-rich particles could be found on these two PG catalysts (see Figures 8.6 (a)
and (b), Figures 8.7 (a) and (b))). Apparently, the composition of the nanopar-
ticles were not controlled tightly during this simple physical grinding preparation
method, but alloyed nanoparticles were indeed formed. The wide composition dis-
tribution noted is consistent with the XRD results as no distinctive alloyed phase
was detected.
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(a) on TiO2 support
(b) on C support (G60)
Figure 8.3: XRD data obtained from supported 2.5wt%Au-2.5wt%Pd catalysts and their
monometallic counterpart catalysts prepared by physical grinding, supported
on (a) TiO2 and (b) activated C (G60). The comparative standard (Std)
catalyst shown in (a) is from a 2.5wt%Au-2.5wt%Pd/TiO2 catalyst prepared
by conventional impregnation.
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Figure 8.4: Pd(3d) XPS spectra obtained from PG 2.5wt%Au-2.5wt%Pd/TiO2 catalyst
before and after heat treatment in He.
261
(a) (b)
(c) (d)
Figure 8.5: STEM-HAADF images of the 2.5wt%Au-2.5wt%Pd catalysts prepared by
the PG method supported on (a, b) activated C and (c, d) TiO2.
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For comparative purposes, the monometallic Pd-only and Au-only PG catalyst
materials were also characterized using STEM and SEM. As shown in Figures 8.8
(a) and (b), the metal particles in the Pd/C PG catalyst are much smaller compared
to those in the Au/C PG catalyst. This is consistent with the XRD results as the
average crystallite size for Au phase was always found to be markedly larger than
those of the Pd phase. However, by relying on XRD evidence alone we could easily
be led into the assumption that Pd is all finely dispersed. Previously large Pd-rich
particles were occasionally found in the bi-metallic PG catalysts, hence it might be
expected that they should also exist in the monometallic Pd/C catalysts. By using
SEM, occasional µm level Pd chunks (possibly to be PdO) were indeed found, as
shown in Figure 8.8(c).
The mysterious Pd expanded phase was also found using selected area diffraction
(SAD) in TEM. SAD patterns from three different regions in the Pd/C PG catalyst
was shown in Figure 8.9. As the Pd particle size increases, the Pd FCC ring patterns
become more clear and spotty, as expected. However, only in the SAD patterns from
larger particles has extra spot in between the 111 and 200 rings (Figures 8.9(c) and
8.9(d)). This suggest that the possible PdC phases may mainly associated with in
large Pd particles (e.g. >200 nm)).
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(a) (b)
(c)
Figure 8.8: (a,b) Representative STEM-HAADF images of (a) the monometallic
5wt%Pd/C catalyst and (b) the monometallic 5wt%Au/C catalyst prepared
by physical grinding. (c) A representative SEM-BSE image and correspond-
ing XEDS spectrum of the 5wt%Pd/C catalyst, showing large Pd particles,
the presence of the O peak suggested that the particle has been oxidized.
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(a) (b)
(c) (d)
Figure 8.9: Representative TEM-BF images and selected area diffraction patterns (SAD)
obtained from the 5wt%Pd/C PG sample, showing (a) smaller particles, (b)
intermediate size particles and (c) larger particles. (d) shows the magnified
SAD pattern obtained from region (c), in which the extra diffraction spots
between the (111) and (200) diffraction rings of the Pd can be seen.
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8.1.5 Discussion of bimetallic materials produced by the PG
preparation method.
The phyisical grinding method introduced here has been found to be a very simple
and effective way to make supported Au-Pd catalysts. A synergistic effect between
Au and Pd was also observed for Au-Pd PG catalysts, and the degree of catalytic
activity is comparable or higher than the corresponding Au-Pd CIm catalysts. Un-
fortunately the hydrogenation activities found in the direct synthesis of hydrogen
peroxide reaction were also very high for PG catalysts.
The XRD characterization of the PG catalysts suggests that the alloying between
Au and Pd was limited, as phases in the bi-metallic catalysts were found to be similar
to physical mixtures of the corresponding monometallic Pd- and Au- catalysts. No
distinct Au-Pd alloy phase was found by XRD.
A very wide particle size and composition distribution was noted for the AuPd
PG catalyst materials by electron microscopy characterization. Au-rich and occa-
sionally Pd-rich µm-scale particles were found for the bi-metallic catalysts in addi-
tion to smaller nanoparticles. Our studies of monometallic catalysts also confirmed
that the Au sample has a larger particle size than the Pd sample when the PG
technique was involved. Alloyed nanoparticles could be found on both C and TiO2
supported catalysts. The compositions of nanoparticles were certainly not uniform
in PG derived materials, as in many cases only Pd signals were detected by XEDS.
Those particles could be either (i) un-alloyed Pd or (ii) Pd alloyed with only a very
small amount of Au, which is below the effective detectability limit. In addition, a
tendency to form Pd-rich shell/Au-rich core morphologies supported particles while
those on C were more random alloy like. But this major difference in bimetallic
particle morphology does not however seem to have a very significant impact on the
resultant catalytic behavior, as the C and TiO2 supported PG catalysts display sim-
ilar catalytic performances to each other in both target reactions investigated. This
is probably because that the complex nature of microstructures for those materials
have averaged out such effect.
The unexpected Pd slightly expanded phase discovered by XRD in the AuPd/C
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PG catalyst is most likely to be caused by interstitial C atoms incorporated into
the Pd lattice. The TEM and electron diffraction results showed that these possible
PdC phases are most likely associated with relatively large Pd particles. However,
we did not rule out the possibility that C interstitials may also exist in the smaller
particles, which might be too small to give sharp diffraction patterns.
In summary, the current physical grinding method produced a population of
metal nanoparticles exhibiting a wide size and broad composition distribution. In
general, it is clear that the Pd component can be better dispersed than the Au
component by the PG method. Increasing the physical grinding time prior to the
heat treatment does not significantly improve the metal dispersion or degree of
mixing. As shown in Table 8.2, increasing the grind time beyound a few minutes
does not significantly affect the resultant H2O2 productivity. This indicates the most
important re-distribution of the metal occurs during the heat treatment stage rather
than the grinding stage, once a certain level of basic mixing has been achieved. The
difference between the mean particle size in the Au and Pd components could come
from the large difference in the decomposition temperature of their precursors. It
is possible that due to the relatively low decomposition temperature (120-200◦C)
of Au(OAc)3, the Au particles are more prone to sinter at 350
◦C, which is the
temperature used in the current route to ensure decomposition of the more stable
Pd(OAc)3 precursor. It is also possible that due to a slower decomposition of the
Pd precursor, Pd may tend to nucleate on pre-existing Au seeds, which can lead
to a core-shell morphology or Pd-rich nanoparticles respectively. This point needs
further investigation, preferably by in-situ experiments.
269
Table 8.2: The effect of grind time on H2O2 productivity for a 2.5wt%Au-2.5wt%Pd/C
catalyst
H2O2 Productivity
Grind time (mol H2O2 kgcat
-1h-1)
1 100
5 102
10 102
20 104
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8.2 Au-Pd alloy catalysts prepared by chemical
vapour infiltration (CVI)
The second method that utilizes organic metal precursors is the chemical vapour
infiltration (CVI) preparation route, which is a variant of chemical vapour deposi-
tion (CVD) process. CVD implies deposition of an organic precursor onto a surface,
whereas CVI implies deposition of precursor within a porous body. Both methods
require a heat treatment to ensure pyrolytic decomposition of the organic precursor.
In the CVD methdo, this occurs simultaneously with deposition, whereas with CVI
a post deposition heat treatment is usually involved. It has demonstrated by many
groups that supported Au catalysts can be readily prepared by this CVI method.
Haruta’s group27,30 showed that Au nanoparticles can be deposited on various of
support including TiO2, Al2O3, activated C, SiO2, and MCM-41 molecular sieve.
Particles below 5 nm in size could routinely be achieved and the resultant CVI
materials were found more active for CO oxidation than the corresponding Au cat-
alysts prepared by impregnation. Chen et.al.223 prepared Au/TiO2 and Au/Al2O3
in which Au particles were controlled to be below 5 nm. Schimpf et.al.232 prepared
1.4 nm Au particles onto a silica support. In all the above work, Me2Au(acac) was
used as the Au precursor.
There are also some investigations for the preparation of some bi-metallic cata-
lysts using methods similar to CVI. Sivakumar et.al.233 used Pt(acac)2 and Ru(acac)3
as precursors to prepare Pt-Ru/C bimetallic catalysts. TEM analysis revealed that
an averaging 2 nm particle size was achieved and alloying between Pt and Ru was
confirmed by XEDS analysis of individual nanoparticles. More often, bimetallic cat-
alysts have been prepared by a CVI hybrid method, whereby the second metal was
deposited onto a pre-formed monometallic catalyst. A few good examples of using
the CVI hybrid method incluide Ru-Pt/C234,235 and Cr-Pt/C236 catalysts prepared
by Moon et.al. and Sn-Ni/SiO2 catalysts prepared by Onda et.al.
237,238
The goal of the current study is to use CVI to prepare Au-Pd catalysts. However
using the Me2Au(acac) compound is too costly a prospect at this moment $2000/g
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for Me2Au(acac), as compared to $45/g for Pd(acac)2, $85/g for Pt(acac)2. price
quoted from Strem Chemicals). Instead, in our work the CVI technique will be
developed using Pd and Pt as model catalysts. Then a series of Au-Pd catalysts are
prepared by the hybrid CVI methods using Au/TiO2 materials prepared by the SIm
and the CIm routes.
8.2.1 Pd and Pt catalysts preparation via CVI
A typical procedure to prepare Pd/TiO2 catalysts using CVI was as follows: TiO2
(P25 Degussa, 0.98g) was placed into a schlenk tube with a magnetic stirrer bar.
Palladium acetylacetonate, Pd(acac)2, ( Sigma-Aldrich 99 minimum%, 72mg) was
then added and the tube sealed. It was then evacuated at room temperature followed
by heating at 140◦C for 1 hour. The tube was then brought to atmospheric pressure
in air and the sample removed for a further heat treatments consisting of a reduction
in 5% H2/Ar at 400
◦C for 3 hours. Variations of this procedure were also used to
prepare Pt/TiO2, Pt-Pd/TiO2 from the required amount of metal acetylacetonate by
heating at 150◦C for 1 hour. Pt(acac)2 was obtained from Sigma-Aldrich (99.9%).
Typically for an intended nominal metal loading of 2.5 wt% the actual loading
obtained was only ca. 2wt% metal.
The resultant 2.5wt%Pd/TiO2, 2.5wt%Pt/TiO2 and 1.25wt%Pd-1.25wt%Pt/TiO2
CVI catalysts were examined by electron microscopy. Representative STEM images
of the three catalysts are shown in Figure 8.10. Lower magnification STEM-HAADF
images are shown in the left-hand column, from which a very narrow size distribution
of the metallic nanoparticles can be observed with mean particle size following the
order Pt<Pd-Pt<Pd (1.5 nm, 1.9 nm and 2.8 nm respectively). The middle column
of Figure 8.10 contains a series of STEM-BF images of individual particles from each
samples, in which clean particle surfaces without any significant organic residue can
be observed. This confirms that the heat treatment regime employed is sufficient
to remove organic materials from the surface of the particles which might otherwise
hinder the use of these materials as catalysts. Higher magnification STEM-HAADF
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images shown in the right-hand column of Figure 8.10, indicate the additional pres-
ence of a population of sub-nm clusters and highly dispersed individual atoms in
these CVI materials.
Additional STEM-HAADF images and corresponding XEDS spectra from nanopar-
ticles within the 1.25wt%Pd-1.25wt%Pt/TiO2 CVI bimetallic catalyst are shown in
Figure 8.11. The majority of the particles are random alloyes (Figures 8.11 a and b).
But Pd-rich or Pt-rich nanoparticles can occasionally be found (Figures 8.11 (c), (d)
and (e), (f)). Compared to CIm and physical grinding (PG), the metal dispersion
of the CVI catalysts are much improved. Nevertheless very occasional scattered
µm-scale aggregates can still be seen under SEM observation, as shown in Figure
8.12.
The three CVI catalysts (i.e. Pd/TiO2, Pt/TiO2 and Pt-Pd/TiO2) catalysts
were tested using the solvent free benzyl alcohol oxidation reaction and the results
are shown in Table 8.3. The Pd-only catalyst displayed the highest conversion
but lowest selectivity. The Pt-only catalyst in contrast had a very high selectivity
towards benzaldehyde but the conversion is very low. A synergistic effect was noted
for the Pd-Pt catalyst as the selectivity for benzaldehyde increased at the cost of
conversion as compared to the Pd-only catalyst.
Table 8.3: Benzyl alcohol oxidation using Pd, Pt and Pd-Pt CVI catalysts supported on
TiO2
Catalysts Conversion (%) Benzaldehyde Selectivity (%)
2.5wt%Pd/TiO2 91.1 60.6
1.25wt%Pd-1.25wt%Pt/TiO2 24.8 81.0
2.5wt%Pt/TiO2 4.3 97.2
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Figure 8.10: Representative STEM images of the CVI catalysts: (a,b,c) Pd/TiO2,
(d,e,f)Pt/TiO2 and (g,h,i)Pd-Pt/TiO2. From left-hand column to the
right-hand column, lower magnification STEM-HAADF images, higher
magnification STEM-BF images and higher magnification STEM-HAADF
images are shown sequentially.
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Figure 8.11: Representative STEM-HAADF images and corresponding XEDS spectra
in the Pd-Pt/TiO2 CVI catalysts. Both Pt-Pd alloys (a,b) and Pt-rich
(c,d) and Pd-rich (e,f) nanoparticles could be found.
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Figure 8.12: Representative SEM-BSE images and corresponding XEDS spectra of the
Pd-Pt/TiO2 CVI catalyst showing the existence of occasional µm-scale
particles. (a) a Pt-rich particle and (b) a Pd-rich particle.
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8.2.2 Au-Pd catalyst preparation via the CVI@SIm hybrid
method
The Au-Pd CVI@SIm catalyst was prepared using a similar method to that devel-
oped for the monometallic Pd/TiO2 CVI catalyst. The difference is that the bare
TiO2 support was replaced by a standard 1wt%Au/TiO2 SIm catalyst. This Au-Pd
CVI@SIm catalyst after reduction was characterized by electron microscopy and the
results are shown in Figures 8.13 and 8.14.
Interestingly, two distinct types of region were found in this particular sample.
Representative STEM-HAADF images of type-I region are shown in Figure 8.13,
which looks very similar to the 1wt%Au/TiO2 SIm catalyst. The support was essen-
tially “clean” except for the colloidal Au nanoparticles and totally devoid of smaller
Pd clusters found in the monometallic Pd/TiO2 CVI catalyst described in the pre-
vious section §8.2.1. In fact no Pd was detected by the XEDS in the type-I regions
(Figure 8.13(d)).
Representative STEM-HAADF images of the type-II regions are shown in Figure
8.14. In sharp contrast with the type-I regions, more clusters and ∼2 nm particles
can be readily seen from the lower magnification image presented in Figure 8.14(a),
which by XEDS analysis were confirmed to be Pd species depositing during the
CVI step. In addition, the colloidal Au particles were seen by Z-contrast imaging
to be covered by a thin Pd overlayer (Figure 8.14(b)). Au and Pd signals can be
simultaneously detected from such particles by XEDS as expected (Figure 8.14(d)).
From these STEM results, it can be deduced that using this CVI@SIm method,
Pd was indeed deposited onto the 1wt%Au/TiO2 SIm, albeit in a rather inhomoge-
neous manner, to create nanoparticles with a Pd-shell/Au-core morphology. How-
ever the Pd species can nucleate by themselves and forming Pd only nanoparticles
and sub-nm clusters. Besides this, there are a lot of areas which are not exposed
to the Pd vapour, leaving the colloidal Au particles in these type-I regions essen-
tially un-modified. The resultant microstructure is a rather complex mixture of
Pd-shell/Au-core particles, ∼2 nm Pd particles and smaller clusters as well as some
un-modified Au particles.
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(a) (b)
(c) (d) XEDS spectrum of (c)
Figure 8.13: Representative STEM-HAADF images of a type-I region in a Au-Pd/TiO2
catalysts prepared via CVI@SIm hybrid method. (a) A lower magnifica-
tion image (b,c) higher magnification images showing Au nanoparticle. (d)
shows the corresponding XEDS spectrum of the particle shown in (c)
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(a) (b)
(c) (d) XEDS spectrum of (c)
Figure 8.14: Representative STEM-HAADF images of a type-II region in a Au-Pd/TiO2
catalysts prepared via CVI@SIm hybrid method. (a) A lower magnifica-
tion image (b,c) higher magnification images showing Au nanoparticle. (d)
shows the corresponding XEDS spectrum of the particle shown in (c)
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8.2.3 Discussion of CVI derived catalyst materials
Monometallic Pd, Pt and bimetallic Pd-Pt catalysts were successfully prepared from
their acetyl acetonate precursors using the CVI technique. The particle size was gen-
erally quite tightly controlled around at 2 nm, but very occasional µ-scale particles
could still be detected. For the bimetallic Pd-Pt CVI derived catalyst, Pt-Pd alloy
particles were found. However in this sample the composition of the particles were
very variable, as very Pd-rich or very Pt-rich particles were also detected. Catalyt-
ically, the bi-metallic materials showed some synergistic effects, as the selectivity to
benzaldehyde increases at the cost of benzyl alcohol conversion, as compared to the
corresponding monometallic Pd catalyst.
For the CVI@SIm hybrid Pd-Au catalysts, particles having a Pd-core/Au-shell
morphology were formed as expected. However, an additional significant population
of secondary 2nm Pd particles and sub-nm Pd clusters can be also formed on the
support. Furthermore, the Pd deposition by CVI was spatially inhomogeneous,
as many of the TiO2 support particles were found to be free of any Pd. This
was probably due to a poor dispersion of Pd-precursor material during the CVI
process. Even though this CVI@SIm hybrid Pd-Au catalyst has not yet been tested
for catalysis, it might be expected that the presence of non-alloyed Pd and Au
particles on the support will have negative impact on the desired synergisitic effect
between Au and Pd.
8.3 Summary
In this chapter, two novel routes for the preparation of Au-Pd catalysts were intro-
duced. The resultant microstructures and their catalytic activities were examined
and discussed. There are several common features between these two preparation
routes: Firstly, they both use organo-metallic precursors, so they are essentially Cl
free methods (except for the CVI-hybrid method); Secondly, they both utilize sub-
limation of the precursors; Thirdly, they both avoid the use of an aqueous medium
and therefore do not have any of the associated problems caused by surface charges
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developing on the support. All of these three key features make the PG and CVI
based routes attractive for making Cl free Au-Pd catalysts on acidic supports (e.g.
SiO2)
There is still a lot of scope for optimization of these two preparation techniques.
For the PG derived catalysts, the particle size distribution was found wide. This is
probably due to the fact that particles can be nucleated rated at different stages. The
observation of Pd phases containing C interstitials suggested that large particles (i.e.
µm-scale) may have been formed during the grinding stage, implying that some part
of the precursor may have already started to decompose by the heat generated by
friction during the physical grinding stage. The subsequent heat treatment regime
may also need to be optimized, as currently the temperatures employed may be too
high for the Au precursors.
The CVI catalysts provided a better particle size control as compared to the
PG catalysts, even though same µm level particles can still occasionally be found
occasionally. Nevertheless the CVI method has some special issues of its own that
need to be solved. For instance in the CVI@SIm Pd-Au catalysts, agitation of the
support needs to be included during the preparation process to ensure a much more
uniform distribution of Pd. The other issue is that Pd can nucleate by its own
without joining onto the a pre-existing Au, which is more problematic. A longer
heat treatment in a reducing atmosphere may be needed to eliminate those un-
alloyed Pd particles, at the risk of introducing more particle agglomeration.
The catalysts described in this chapter are currently considered as prototypes.
More investigation is currently under-way on these promising preparation routes.
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Chapter 9
Some general discussion and
suggestions for future research
In this thesis, state-of-the-art aberration corrected STEM imaging and chemical
analysis techniques have been extensively applied in the characterization of sup-
ported Au and Au-Pd alloy catalysts prepared by a variety of different methods, in
order to reveal the relationship among preparation, microstructure and the perfor-
mance at play in these catalyst systems. In this chapter, we resent some general
discussions which cut across the results chapters, and make some suggestions for the
future work.
9.1 Some general discussions
9.1.1 Particle size distribution
Particle size distributions have been an indispensable aspect in the study of preparation-
microstructure-performance relationships in Au and Au-alloy catalysts throughout
this thesis. In Chapter 4, we summarized three strategies for performing particle size
distribution analysis using data acquired in the STEM. These were (i) the number
fraction method, (ii) the number density method and (iii) the mass fraction method.
The first approach is the one that is conventionally used and the latter two have
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been developed to overcome the sampling issues which arise when the particle size
span is large, as was in the case for our Au/FeOx co-precipitation catalysts. The
three methods are naturally related to each other: number densities are number
fractions weighted by a factor describing the projected area of the support in each
image, whereas mass fractions are number densities further weighted by the mass
(i.e. number of atoms) in particles of certain sizes. The relative advantages and
disadvantages of each of these methods have been summarized in Table 4.6.
For the SIm catalysts discussed in Chapter 6, the particle size range is about 1-10
nm. Within this range, fair sampling using STEM-HAADF imaging can be ensured.
Therefore in this case the number fraction method was used, which in this particular
case is equivalent to the number density method. The particle size distributions
(e.g. Figure 6.12) are rather similar to each other so it was not necessary to go on
to estimate the mass fractions. In contrast, in the case of catalysts prepared by the
CIm, MIm, PG and CVI routes, the number fraction method was no longer valid due
to the wide span of particle sizes that exist. In addition, the mass fraction method
would also fail because there is no good way for us to accurately estimate the number
of atoms in µm-scale particles. However the number density method will still be
valid. Furthermore the number fractions of particles in a small size range (i.e. 1-10
nm) can represent their number densities, as they will share the same weighting
factors. We used this strategy in Chapter 7 where the MIm method was discussed
and an example is shown in Figure 7.13. However cross-sample comparison of PSDs
generated in this way should be done with some caution, as highlighted in Table
4.6. This is because the projected area for the population is not something we can
measure, therefore a universal baseline for comparing different materials is lack.
9.1.2 Following the evolution of the catalyst microstructure
In the work we have emphasized the importance of studying the evolution of the
catalyst microstructure at different stages during the preparation procedure. In
Chapter 4, we observed that sub-nm Au clusters and isolated Au atoms can be
trapped into the FeOx lattice, and we inferred that the diffusion of those trapped
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species towards the outer surface played a crucial role in determining the resultant
catalytic activity. During the heat treatment procedures employed, there seems to
be a competition between two processes, namely (i) atoms and clusters diffusing
toward the outer surface and (ii) atoms and clusters coalescencing into larger par-
ticles. The relative balance of these two procedures controlled how many sub-nm
clusters would be left on the surface and thus determined the catalytic activity of the
catalysts. In Chapter 5 where we studied the CIm, we observed an counter-intuitive
trend where the population of sub-nm metal clusters on activated carbon support
decreases with increasing calcination temperature. We proposed the reason for this
effect is that the individual metal atoms are probably cationic species tightly bonded
to the surface groups of carbon, while sub-nm clusters are more reduced in nature,
interacting less with the C support and are thus more mobile. Indeed when we
heated the sample in a reducing atmosphere, the atomically dispersed metal species
became mobile and agglomerated into larger clusters. A similar structural evolu-
tion during heat treatment has been observed in Chapter 7 for the MIm catalysts, as
only the reduction treatment can efficiently convert the atomically dispersed Pd-rich
species into the Au-Pd alloy nanoparticles. Clearly an understanding of the evolu-
tion process during catalyst preparation provided useful insight into the preparation-
microstructure-performance relationships in the Au and Au-Pd catalysts. All the
studies described in this thesis were done ex-situ. With the new capabilities of-
fered by the advanced in-situ instruments described in Chapter 2, more information
on the nanostructural evolution of the catalyst during heat treatments or reaction
conditions can potentially be obtained.
9.1.3 Important structural factors in Au-Pd catalysts
Two of the target reactions studied, namely the direct synthesis of hydrogen peroxide
and the selective oxidation of benzyl alcohol, have one key feature in common, which
is that they both have surface-peroxyl groups as key intermediates. This is the
underlying reason why Au-Pd catalysts work so well for these two reactions, since
as we mentioned in Chapter 1, Au-Pd alloys have an enhanced the energy barrier
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for the dissociation of the O-O bond compared to Pd-only surface.
The composition of the Au-Pd particles in these catalysts turned out to be a very
important consideration. Too much Au on the surface would result in less adsorption
of reactants and thus less activity, whereas too little Au would result in more disso-
ciation of the O-O bond which will would also degrade the catalytic performance.
In Chapter 6 have studied compositional varying series of materials prepared by the
SIm route supported on C and TiO2, In general a nominal composition that is rich
in Pd shows a better performance than one rich in Au. This suggests that not too
much Au is needed in the alloy to show the promotional effect. However, because
of the existence of a significant particle size dependant composition variation in SIm
catalysts, we are not yet able to comment definitively on the optimum composition
(if there is any) for individual Au-Pd particles.
Certain structural features of the Au-Pd particles, including particle shape, core-
shell or homogeneous alloy morphology, random alloy or ordered structures, are also
found to be important. The particle shape is determined primarily by on how Au-Pd
particles interact with the support. Hutchings and Kiely21 have previously shown
that particles on carbon support are more rounded, whereas particles on a TiO2
support tend to be more faceted, which could be one of the underlying reasons behind
activity variations observed in many reactions for Au-Pd particles on these two
catalyst supports. This shape effect is logically support dependant. We have shown
in Chapter 6, that only when particles are supported basic supports ZnO, MgO do
they show strong wetting and faceting, which can be correlated with the switching
off of the disproportionation reaction of benzyl alcohol. However this shape effect
seems to be convoluted with another effect dependent on the acidity/basicity of the
support. The reason that why particles have different wetting behaviors on different
supports is probably partly due to the way the PVA ligands interact the support
surface. We have shown that the Au-Pd particles on Nb2O5 can experience a non-
wetting to wetting transition under electron beam radiation, which is probably due
to removal of the PVA at the interface between the particle and support (see Figure
6.20).
Tiruvalam et.al.48 have previously shown that homogeneous Au-Pd alloy SIm
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particles showed better catalytic performance than the corresponding core-shell mor-
phologies. We have came to a similar conclusion for the MIm derived catalysts in
Chapter 7, in that the homogeneous alloy morphology created after a reduction
treatment in H2/Ar was found to be superior to the Au-rich core/Pd-rich shell
morphology generated after a calcination heat treatment. The reason why we oc-
casionally see particles with Au-rich core Pd-rich shell morphology on the reduced
MIm sample is not clear at this moment. Although predicted by theory,
3 we have
not seen long range atomic ordering in Au-Pd nanoparticles. Recently Ding et.al.239
reported TEM evidence that a L11 long range ordering structure can be found in
shape controlled Au-Pd nanoparticles that are about 15 nm in size. However in our
case the size of the Au-Pd particles are much smaller than this.
The oxidation state of Pd is also found very important especially for the direct
synthesis of H2O2 reaction. Pd
2+ is known to give a higher H2 selectivity towards
H2O2 but a lower overall activity compared to metallic Pd
0 species, which can be
attributed to the lower H2O2 decomposition/hydrogenation activity of PdO.
240 In
Chapter 5 we showed that the acid pre-treatment and oxidation treatment can
stabilize more Pd+2 on the surface and the resultant catalysts showe extremely high
activity and selectivity in the direct H2O2 synthesis. The hydrogenation of H2O2 can
even be switched on and off by appropriate reduction/oxidation heat treatments.
Finally, we prefer not to draw any conclusion about the particle size effect for
Au-Pd alloy catalysts at the current stage, as some key information in this regard is
still missing. For instance, the function of the atomically dispersed Pd-rich species
in CIm are not clear. In addition, because of the existence of µm-scale particles,
the particle size distribution in CIm, MIm, PG and CVI catalysts are not easily
comparable in any quantitative sense.
9.2 Some suggestions for future research
The experimental results presented in this thesis clearly demonstrate that the use
of aberration corrected STEM-based analytical electron microscopy techniques, can
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provide valuable insights into the preparation-microstructure-performance relation-
ships that exist in supported Au and Au-Pd alloy catalysts. However there is still
a lot to learn, and some possibilities for future research will be briefly described in
the following sections.
9.2.1 Improving XEDS analysis on Au-Pd catalysts
In Chapter 5 we showed that sub-nm clusters and atomically dispersed species ex-
ist on the surface of activated C on materials prepared by the CIm route. Also in
Chapter 7 we have shown that metal precursors will first deposit on the support
surface as small clusters during MIm preparation. Although we have presented some
indirect evidence that these small species are mainly Pd with just a few Au atoms
interspersed, we do not have direct spectroscopy evidence to prove this. At this mo-
ment we only have spectra averaged from an area typically several tens or hundreds
of nm2 showing a Pd-signal but no Au-signal, which might be present at too dilute
a concentration to be detected. We currently comment that the acid-pretreatment
of carbon support did not significantly affect the microstructure of AuPd/C CIm
derived catalysts, but we do not know if there is any change in composition of the
sub-nm clusters or the relative proportion of atomically dispersed Au and Pd species.
A similar situation is in Chapter 7, where the 2M HCl seems to better disperse Au
onto the support and the resultant particles are indeed measurably richer in Au.
However it would be useful to further interrogate this issue if we could identify Au
in the sub-nm clusters at the “dried-only” stage.
The main obstacle that prevents us from performing reasonable chemical analysis
on sub-nm clusters and individual atoms is the low signal collection efficiency of the
current STEM-XEDS systems, and the fact that the cluster is damaged before any
useful signal can be collected. As described in Chapter 2, the recent development
of silicon drift detector XEDS systems with large collection angles may solve this
problem. Furthermore, lowering the primary energy of the incident electron beam
will increase the ionization cross-section and generating more X-ray signals. Such
“Gentle STEM” techniques will also reduce the knock-on damage caused by the
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electron beam. Lovejoy et.al.241 have recently demonstrated the feasibility of single
atom XEDS is possible even with a regular EDS spectrometer (with collection angle
∼ 0.1 sr). They used a 190 pA electron probe with 60keV primary energy to scan
over a roughly 6×6 A˚2 area of a graphene sheet containing a Si impurity atom, and
after about 5 minutes acquisition the Si signal could be detected. It is very likely
that a large angle and more advanced SDD detector will do a better job because
of its order of magnitude better signal collection efficiency. However this type of
experiment will still be a challenging task, as we speculate that identifying the
composition of sub-nm clusters may be harder than collecting X-ray from a single
atom. This is because the hopping motion of single atoms under the electron beam
is tolerable in the latter case, as you can just track the atom positions, but such
effects will most likely cause damage and breaking down of the structure of sub-nm
clusters.
In Chapters 6 and 7 we studied the size dependant composition variations of
Au-Pd catalysts. In the JEOL 2200FS which is equipped with a regular Si(Li) EDS
detector, the minimum particle size that can be analysed is about 2 nm, below which
the beam damage is too severe and X-ray signals are too weak. Our current proto-
col the composition determination follows the Cliff-Lorimer k-factor method which
involves using a sputter coated 60wt%Au-40wt%Pd thin film as a “standard”. But
once more complex catalysts are developed, such as the Au-Pd-Pt trimetallic ma-
terials described in Chapter 7, new standard materials are unlikely to be available.
Furthermore, the composition of the thin film standards will need to be calibrated
and inhomogeneities of the thin film would cause error. It would be really useful to
instead use the ζ-factor method developed by Watanabe et.al.,242 in which a pure
element standard can be used. The extra steps required to use this method involves
measuring the beam current and the thickness of the standard sample. The beam
current can be readily monitored using a Faraday cups positioned within the mi-
croscope. There are at least three methods for thickness determination of a sample,
including (i) the EELS method, which describes thickness as a fraction of the mean
free path of the inelastic scatteinrg,155 the CBED method, which involves comparing
288
experimental CBED patterns with dynamic simulation results;243 or (iii) quantita-
tive STEM method, which involves measuring the absolute scattering intensity.244
All these methods are either not accurate enough or not very easy to perform. An
alternative idea is to use well developed chemistry to synthesize shape controlled
nanocubes of Au, Pd, Pt or other possible alloying elements and use them as the
XEDS standard. In this way the thickness can be measured just by taking regular
HREM or HAADF images if the equiaxed nature of the nanocubes could be ensured.
9.2.2 Ex-situ and in-situ studies of NaCN leached Au/FeOx
catalysts
In Chapter 4 we suggested that in the Au/FeOx catalysts, sub-nm Au clusters
and isolated Au atoms can be trapped inside the lattice structure of the FeOx
support. These trapped Au species can later diffuse to the outer surface to form
additional sub-nm clusters during any subsequent calcination process. To test this
hypothesis, ex-situ and in-situ STEM experiments could be attempted on NaCN
leached Au/FeOx catalysts. The most significant difference between the current
proposal and that of Allard et.al.140,141 is the type of starting material. Allard et.al.
used a standard Au/FeOx catalyst prepared using CP from the World Gold Council
which has already been calcined at 400◦C, and hence contains lots of internal pores
with Au particles trapped in them. Therefore after cyanide leaching particles, sub-
nm clusters and isolated atoms are still mixed in the STEM images. In our proposal,
we could use a “dried-only” Au/FeOx CP catalyst in which there are no internal
pores or trapped Au nanoparticles to start with. More importantly we would need
to show that the catalytic activity of this starting catalyst can be enhanced with
proper calcination heat treatment. A catalyst like T120 in this work would be the
perfect candidate for this type of experiment
As shown in Figure 9.1, because the T120 catalysts does not have any inherent
trapped particles, NaCN leaching will potentially remove all of the particles. The
leached catalysts can then be carefully calcined to maximize the surface population
of sub-nm clusters, while at the same time minimizing (or ideally prevent) the
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formation of nm-scale particles. The result of this study might eventually isolate
the small sub-nm clusters in the Au/FeOx catalysts and determining their activities
in order to answer the ultimate question about the identity of the dominant active
Au species for low temperature CO oxidation.
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By using the gas-reaction cell described in Chapter 2, it would also be inter-
esting to monitor the evolution of the Au species in a series of in-situ calcination
experiments. A more detailed study of the structural evolution of haematite support
in co-precipitated catalyst would also be appropriate. In particular HREM, STEM
imaging and STEM-EELS should be used to study the near surface structure of the
heamatite crystal, both in vacuum and in air, in order to understand the origin of
the observed disordered and reduced layer on the haematite surface.
9.2.3 Towards futher improvements of catalytic performance
of the Au-Pd catalysts
In this thesis, a number of different methods for preparing Au-Pd catalysts have been
critically evaluated. Sometimes experience gained from developing and optimizing
a particular preparation method can be applied to the other methods to further
improve the catalyst performance. For instance the oxidation treatment developed
for the CIm method should be readily applied to the SIm and MIm catalysts, as they
all have high hydrogenation activities in the direct synthesis of H2O2 reaction due to
the predominance of Pd0 species presnt after reduction. An oxidation treatment at
200◦C may also improve the stability of the SIm catalysts by facilitating a stronger
interaction between the particle and certain supports such as TiO2.
In addition, the experiments to determine the optimal Au-Pd composition should
be repeated on a suitable series of MIm-derived catalysts as this method offers the
best composition control to date from particle-to-particle. By attempting such ex-
periments we will gain a better knowledge of the optimum composition of individual
Au-Pd particles for the direct synthesis of H2O2 reaction and selective oxidation of
benzyl alcohol.
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Appendix A
EDS Quantification of
Nanoparticles
In Chapters 6 and 7, composition of the Au-Pd and Au-Pt nanoparticles has been
quantified using the Cliff-Lorimer method. Since the particles are generally below
10 nm in diameter, the absorption and fluorescence were ignored and therefore the
composition can be expressed as:
CA
CB
= kAB · IA
IB
where CA and CB are the concentration of element A and B in the particle re-
spectively. kAB is the so called “k-factor” of these elements. The k-factor can be
expressed as:
kAB =
(Qωαε/MB)B
(Qωαε/MA)A
where Q is the electron ionisation cross-section for the particular shell of interest of
element A or B. ω is the fluorescence yield, the percentage of X-ray emission over
other relaxation processes such as Auger electron emission. α is the partial yield of
the specific line; ε is the detector quantum efficiency for X-rays of element A or B;
MA and MB are the atomic weight for element A and B respectively.
To determine k-factor, we have applied two different approaches for Au-Pd sys-
tem and Au-Pt system. For Au-Pd, we have found a suitable standard sample
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therefore the k-factor was determined experimentally. For Au-Pt, we have used
theoretical method described in reference.245
A standard Au-Pd sample was prepared by deposit a thin film (approximately
10 nm in thickness) onto a NaCl crystal (SPI supplies) busing POLARON ES100
sputter coater. The target has a nominal composition of 60wt%Au-40wt%Pd and
therefore the thin film was assumed to have the same composition without further
examination. Then the NaCl crystal was dissolved away by distilled water and
the thin film debris were collected by holey carbon TEM grid (SPI supplies). After
drying the sample was analysed by STEM under standard condition (∼150pA probe
current, 300s live time). The Au M lines (integration window: 1.98-2.28 keV) and
Pd L lines (integration window: 2.75-3.05 keV) intensities were used to calculate the
k-factor and the results of 10 different points were averaged. The resultant k-factor
for Au M and Pd L is k(AuM/PdL) = 0.77± 0.03 with 95% confidence level.
For Au-Pt, I did not find a suitable standard, therefore the k-factor was calcu-
lated. Lα lines for Au and Pt were used. The cross section Q is estimated using the
Bethe-Williams relativistic cross-section equation:
Q =
[
bnlpie
4Znl
(m0ν2/2)Ec)
] [
ln
(
cnl(m0ν
2/2)
Ec
− ln(1− β2)− β2
)]
where the subscript nl indicates the ionized atomic shell, e is the electron charge,
Znl is the number of electrons in the shell, m0 is the rest mass of the electron, ν is
the incident electron velocity, Ec is the ionisation energy of the shell (the “critical”
energy). β is the ratio ν/c where c is the velocity of light. Bethe parameters bnl
and cnl are empirically derived factors for the particular shell under consideration.
In this current case, we have cL23 == 1, bL23 == 0.44 + 0.0020 · Z, where Z is the
atomic number, 78 for Pt and 79 for Au.
The fluorescence yield ω for Au Lα and Pt Lα are 0.356 and 0.346 respectively,
the partial yield α is the same for two element, which is 0.513. The quantum
efficiency of the detector at Au Lα and Pt Lα are very close in our instrument so
will be cancelled out. The resultant k(PtL/AuL) = 0.975
With k factors in hand the composition can be derived for each spectrum. The
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error estimation is done using:
∆Cj =
√√√√n−1∑
i=1
[Cj(∆ki)− Cj]2 +
n−1∑
i=1
[Cj(∆Ii)− Cj]2
where Cj is the resultant concentration of element j, and Cj(∆ki) is the error caused
by k-factor estimation, and Cj(∆Ii) is the error caused by X-ray detecting process,
which can be modeled using Poisson statistics and therefore ∆Ii = 2
√
I at 95%
confidence level.
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